i IIP,! a viifv mm P'iif i?5i' » * R 



DOCUMENT 



RESUME 



SE 004 633 



ED 021 736 24 

LABORATORY MANUAL ELECTRICAL ENGINEERING 24. 

Syracuse Univ.. N.Y. Dept, of Electrical Engineering. 

Bureau No* BR.' 5' 0796 
Pub Date 66 
Contract' OEC*4" 10* 102 
Note- ~ 

^rip"“s-'^C(XLK^ ELECTRICITY, .ENGINEERING EOLATION ‘“Jf^TIWAL MATOT 
* INSTRUMENT ATIOH LABORATORY MANUALS MEASUREMENT. PHYSICAL SCIENCES SAFETY. SCIENCE 

ACTIVITIES TEXTBOOKS UNDERGRADUATE STUDY 

Part of a series of materials in the electrical engineering sequence developed 
under contract with the United States Office of Education, this laboratory manual 
provides 10 projects dealing with basic electrical instrumentation and measurement 
that would be appropriate for a first course. Exercises include activities involving (1) 
voltmeters, ammeters. (2) calibration. (3) electrical characteristics of 
(4) Wheatstone bridge and resistance strain gauge. (5) the oscilloscope. (6) diodes, w) 
introduction to digital computers. (8) A.C. bridge circuits, and (9) series and parallel 
resonance. Several appendixes contain additional information on such diverge aspects 
of electrical engineering as wire size, resistance color code, standard resistor values, 
limiting errors. AC voltmeters, resistance boxes, and safety measures. (DH) 



U.S. DEPARTMENT OF HEAITH, EDUCATION & WELFARE 
OFFICE OF EDUCATION 






THIS DOCUMENT HAS BEEN REPRODUCED 
PERSON OR ORGANIZATION ORIGINATING 
STATED DO NOT NECESSARILY REPRESENT 
POSITION OR POLICY. 



EXACTLY AS RECEIVED FROM THE 
IT. POINTS OF VIEW OR OPINIONS 
OFFICIAL OFFICE OF EDUCATION 



EE 2 ^ Laboratoiy Manual 



Electrical Engineering Department 
Syracuse University- 



Contract ITo. QE 4-10-102 
U.S. Office of Education 



Copyri^t I 966 



"PERMISSION TO REPRODUCE THIS 
COPYRIGHTED MATERIAL HAS BEEN GRANTED 

BY 

TO ERIC AND ORGANIZATIONS OPERATING 
UNDER AGREEMENTS WITH THE U.S. OFFICE Or 
EDUCATION. FURTHER REPRODUCTION OUTSIDE 
THE ERIC SYSTEM REOUIRES PERMISSION OF 
THE COPYRIGHT OWNER." 



1 



Table of Contents 



Introduction 
Broject 1 
2 

3 

k 

5 

6 

7 

8 

9 

10 



Voltmeters and Ammeters 
Voltmeter and Ammeter Calibration 

Current- Volt age Characteristics of Some Resistive Elements 

The Wheatstone Bridge and the Resistance Strain Gage 

Characteristics of Laboratory Instruments; The 
Oscilloscope, Part I. 

Some Circuit Properties of Diodes 

An Introduction to the Digital Computer 

The Oscilloscope and Laboratory Instruments, Part II 

A.C. Bridge Circuits 

Series and Parallel Resonance 



Appendix 



I: Electrons Are Faster 

II: Decade Resistance Box Current and Accuracy Ratings 

III: RETMA Standard Resistor Values 

IV: Resistor Color Code 

V: On The Mathematics of Wire Sizes 

■ VI: Computation with Limiting Errors 

VII: Properties of A-C Voltmeters 



INTRODUCTION 



The purpose of this introduction is to outline the general operating 
policy for the EE 2k Laboratory course. However each instructor will 
modify or interpret this policy as he sees fit and he will give specific 
instructions to his class. 

LABORATORY PROCEDURE 

Students will work in two-man groups. There will he sufficient equip-. 

ment for everyone to perform the same project at the same time. For the 

first half of the semester, at least, it is planned that each project will 

require one laboratory period. The laboratory will be open on Tuesday and 

Thursday evenings to permit students to spend additional time there if they so 

desire. Preparati^ i prior to the laboratory class is essential if time is 

to be spent profitably in class. Usually this preparation will consist of 

0 

I 

becoming familiar with .the problem involved and outlining a plan of attack# 
Students are encouraged to discuss their plans for a project with their 
instructors before the laboratory period. 

WRITTEN WORK 

All students will use a bound laboratory notebook. Students should 
develop eind practice good laboratory habits. All entries in the notebook 
should be duted and initialed. All exi>erimental results should be included. 
Apparatus and equipment should be identified sufficiently to allow checking 
any data at a later date if desired. You should include also any preliminary 
plans, calculations, analysis, and conclusions or observations concerning the 
results obtained. Data should be entered directly into the notebook. It 
should not be recorded on scrap paper first and then transcribed# You may 



line nea'nly throu^ any material which you wish to he disregarded. Graph 
paper should be glued or stapled into the notebook when needed. In short> the 
materisil in your notebook should be presented in such a way that it would be 

meaningful . to a knowledgeable electrical engineer. 

Your notebook will be examined throu^out the semester by your instructor. 
Also, he will ask you to submit some formal reports cov^ing some projects. 

lABORATORY EQUIPMSKP 

Much of the laboratory equipment includes precision components. Many of 
these can be damaged. Damaging equipment wi„H result: in. impeding laboratory 
work and will cause unnecessary expense. Everyone should tske precautions 

I 

in his planning to assure that he does not overload and damage equipment. 
Again, the instructor should be consulted. 

SAFETY 

Serious accidents can occur while using electricity althou^ the rate of 
incidents is very low. Appendix 1 by Dr. E. J. Kletsky discusses safety in 
the laboratory. * 

REFERENCES 

The following texts are available in the instrument room for use in the 
* 

laboratory: 

Reference Data for Radio Engineers (ITT): 

^ $ 

Electronic Instrumentation , Prensky. 

The above texts plus other handbooks and Basic El ectrical Measiyements 
by Stout are available in the Engineering library. 

.Also your text book for EE 20 is a useful reference. 

Finally, students are encouraged to discuss any questions regarding 

the laboratory with their instructors. 

B. Silverman 

9-11-63 
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VOLTMETERS AND AMMETERS 

A vide variety of commercial test Instruments is available vhlch use 
.one meter movement to measure current in several ranges^ e.g. 0-1*^^ 0-15 



these Instruments use switches to change ranges while others have no switch 
hut instead the different ranges are obtained by plugging the Instrument 
leads into different jacks on the Instrument. This first laboratory pro- 
ject is an investigation of the second kind of circuit. 

It is proposed that an instrument connected as shown In Fig. 1 can be 
urod as a 0-2 volt d-c voltmeter and a 0-1 amp. d-c ammeter. The meter 
lavement is a 0-1 ma. d-c ammeter. Your problem is to design emd constsnict 



asps and vbltpc'' in several ranges e.g. 0-5 > O-I5O, 0-300 volts. Some of 



Ammeter 

-terminal 

Q 




Meter movement 



Fig. 1 Ammeter-Voltmeter Circuit 



the circuit so that the Voltmeter sensitivity Is at least 500 ohms per volt 
and the voltage drop across the ammeter does no^ exceed 0.3 volts at full- 



■.Mle ourwnt. As a rweonable objective you should try to achieve agreement 
.. vlthin 2 per cent between your instrument and the instruments vith vhich you 

conpsT 0 your meter . 

To facilitate the investigation we have had our shop make up meolwMical 
asseiiblles M shovn in Fig. 2. Be«h laboratory party viU have one- such as- 
.embly uhlch e«> be plugged into one of the 0-1 ma meters from the instrument 




' Fig. 2 The mechanical assembly is designed to plug into a 0 1 ma me 




This project Is a game. The rules of the game are that only those in- 
struments and Items of material listed below can be employed to build the 



Instrument. For example ^ if you need the resistance of the meter movement 



.1 



you should devise ■ a way of measuring it using the available instruments and 
apparatus. A further rule of the game is that the available resistances 
have + 10 per cent tolerance and you are ejected to proceed to the finished, 
instruinent without trial and error. 

In later projects you will investigate the precision and accuracy of 
your instrument and also use the instrument to perfom engineering evalua- 
tions, of other components. Hence it will be worth the effort to do careful work 
on this project. 



Instruments and iniaterial available for this project 
1 - Mechanical assembly as shown in Fig . 2 
1 - Meter movement 0-1 ma. 

1 - Decade resistance box 0-99^999 ohms (EICO or HEATH) . See 
APPENDIX II for current ratings. 

1 - Voltmeter 0-5 volts d-c with accuracy of about + 5 per cent. 

1 - • Ammeter 0-5 angoeres d-c with accuracy Of about + 5 per cent. 

1 - Storage battery 6 volts. 

1 - Slide-wire power resistor capable of carrying one ampere or 
more. 

' Miscellaneous carbon resistors in BMA nominal sizes (see APPENDICES III 
and 10 percent tolerance. 

Resistance wire (Nlchrome) capable of carrying one ampere and having 
about 1/2 ohm per foot. 









Precautions 



The decade resistance boxes have current ratings that must be observed* 
Thus if an attenqpt is made to use the decade resistance to carry (say) the 
one ampere necessary for the ammeter the resistance box will be damaged. For 
the HEATH and EICO boxes, mistakes cost about ^!^.00 each, considering labor 
and components . 

References 

1. Stout, M. B. Basic Electrical Measurements , Hew York; Prentice-Hall 
1950,Chapter I 7 . 

2. Harris, P. K. Electrical Measurements « Hew York; John Wiley, 1952, 
Chapter 5 » 
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. VOLTMETBR AND AMMETMl CALIBRATION 

In this project you are to prepare calibratipA curves for the voltmeter- . 
amoetijr constructed in Project 1^ 6uid measure the* instrument resistance as a 
voltmeter and as an ammeter* That. Is^ you should hot make further adjust^:, 
ments on your Instrument at this- stage ^ hut measure its characteristics* 

One way of calibrating you instrument is to compare the indication of 
your meter with that of better-quality calibrated meters. For this purpose, 
several ammeters and voltmeters are available which have been esdibrated by 
precision methods* The calibration curves for these meters are included with 
these instructions (see below) or supplied by your Instructor. You should 
prepa?re similar calibration curves for your instrument* You will need these 
correction cu^^s for some of the subsequent projects. 

The voltoieter resistance is conveniently measured by a half-deflection 
method, e.g., tising the circuit in Fig* 1* To what accuracy are you ablt^ uc 
determine the ^voltmeter resistance? 



Storage 

battery 




Fig* 1 Circuit for measuring voltmeter resistance 




The ammeter resistance can be calculated from the voltage drop across 
the ammeter, as measured vith the calibrated voltmeter, for full-scale aifc.:. 
meter deflection. What Is the accuracy of your value of ammeter resistance? 

Instr'unents and Material Available. f or this Project 
1 - voltmeter-anmeter built in Project -1. 

1 - Precision decade resistance box 0-11,110 ohms (General Radio) . 

See APPEaroiX II for current ratings. 

1 - Calibrated voltmeter, with correction curve. 

1 - Calibrated ammeter with correction curve. 

1 - Storage battery. 

1 - Slide-wire power resistor. 

References 

1. Stout, M. B., Basic Electricsd. Measurements , New York: Prentice- 

Hall, 1950 , Pages 35 - 56 . 

2, Harris, P. TC .. mectrlcal Measurements , New. York: John Wiley, 1952, 

Pages 6 - 7 • 

Precautions 

The precision decade resistance boxes have current ratings that must be 
observed. Do not use a precision decade resistance box for any task where 
its properties are not required. For example, do not use a precision decade 
resistance box as a current adjuster. For the General Radio decade boxes, 
mistakes cost about ^25 each considering labor and parts. Moreover, the In- 
convenience caused by a damaged decade resistor is very costly and fruatratlng. 
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VOLTMETER AND AMMETER CORRECTION CURVES 



Inetruments Calibrated 

The following Vest on type 430 Instruments were specially calibrated 
for Project 2 ; 

(iji D«C Voltmeters serial numbers 27388 , 27396, 27397, and 27398 
Correction curves for the 3 -.volt ranges for the four meters 
are shown in Fig. 1. 

(ii) D"C Ammeters serial numbers 3643, 17723^ and I 7730 . These in- 
struments are millivoltmeters and they were calibrated with in- 
dividual 3-a]iQ?ore 50-ndUivolt shunts and individual sets of 
mtll ivoltmeter leads. The same combination of millivoltmeter, 

- standard leads and shunt should be used when making measurements. 
The 5 -fiH 5 >ere ranges, from 0 to 1 ampere only, have been calibrated 
and the correction cui*ves are shown in Fig. 2. 

(ili) D-C Ammeter serial number 27 OO 9 . This Instrument has Internal 

shunts and three ranges; however, only the 2.5~ampere range from 
0 to 1 ampere and the O.^-as^ere range have been calibrated. The 
correction curves are shown in Fig. 2. 

Voltmeter Calibration 

The voltmeters of item (i) were calibrated by a conventional potentio- 
meter method^ using the following apparatus: Leeds and Northrup type iC-2 

potentiometer number 1. l63 023; Rubicon volt box number 25307J Bppley stand- 
ard*. cell number 6o4 216. 

# ^ ■■ 

Stoat op cit p. 168. 
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From the correction curves of Fig* 1 It Is seen that the accuracy of cdl 
the voltmeters oh the 3*volt range is better than + 0.^ per cent of full scale. 

The precision of voltage measurements is limited^ apparently, primarily 
by the user 's ability to dete rmin e the position of the pointer on the scale. 
Without using a magnifying glass, the indication probably can. be read* to 
+ 0 .005 volt or + 1/6 per cent . 

Ammeter Calibration 

The ammeters vere calibrated against the RFL set (Radio Frequency 
Laboratories AS-IC Instrument Calibration Standard model 829) in the 
Electriced Engineering Department instrument room. The BFL set readings 
are gucuranteed to be acci^te vithin + 1 per cent of full scale on any range. 

using the 0 to l-aa^ere range of the RFL set, the 0 to 1-ampere part 
of the 0 to 3**c>iDpere ranges of the ammeters of item (li) vere calibrated to 
within + 0.01 amperes \diich corresponds to + I/3 per cent of full scsde. 

The 0.5-ampere range of Instrument number 27OOO9 item (iii) was cali- 
brated against the 0.5<-a]ig>ere range of the RFL set and agreement was foimd 
to be within + 1 per cent of full scede throughout the range, consequently 
no correction curve is warranted. The 0 to 1-anpere part of the 0 to 2.5- 
ampere range of this instrument was calibrated against the 0 to l-anq>ere 
range of the RFL set, hence the readings are accurate to within + 0.01 angtere 
or j; 0.^ per cent of full scale. 

Similar limitations on precision apply to the ammeters as were mentioned 
above for the voltmeters. 
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Fig. 1 Voltmeter correction ciirves 
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THE CUKRENT- VOLTAGE CHARACTERISTICS 



OF SOME RESISTIVE ELEMENTS 



INTRODUCTION 

In this project you will study the relation between the current and term- 
inal voltage (the i-v characteristic) for certain common electrical circuit 
elements. There will he three primary goals: l) to practice takxng accurate 



interpret the data^ wherever possible^ in terms of the physical properties 
of the materials, measurement errors, etc. (including the identification of 
phenomena of unknown origin), and 5) to fit the data with linear functions 
and to show how closely the elements can he represented hy idealized linear 
resistance elements, ideal voltage or current sources, and ideal diodes. 

An ideal (linear) resistance is a hypothetical device having an i-v 



electrical measurements and presenting the data obtained graphically, 2) to 



characteristic : 




i 



An ideal voltage [c^urrent] source has an i-v characteristic: 



i source 



source 



I 



V source 





V 



voltage 

source 



current 

source 



An ideal diode is a hypothetical circuit element that passes current 
freely in one direction, hut not at all in the other. The i-v charac- 
teristic looks like: 




I 

V ^ 

U 



For each element to he tested, the (dc) terminal voltage and current 



are to he measured simultaneously at a number of values. Unless limited 
hy the voltage source, cover the range of voltage and current that the 
element can withstand without damage. You will find this range indicated 
on each element.; (However, some groups may he asked to test certain of the 
elements heyond the rated dissipation). Before disconnecting each ele- 
ment, make a rou^ plot of the data (to he subsequently discarded) to 
make sure you have sufficient points in regions where there the plot is 
non-linear. 

The current and voltage can he measured simultaneously hy either of 



the following two methods: 



variable 

source 




ammeter 




voltmeter 








e: 

1 

r 


Lement 

Jnder 

rest 



ammeter 



O 



variable 

source 




voltmeter 



O 



Element 

Under 

Test 



The first method introduces an error in the current reading (due to the 
current throu^ the voltmeter)^ and in the second method the voltage 
measurement is in error (due to the voltage across the ammeter). For 
each element^ after the first reading it would be a good idea to check 
whether the error thus introduced is significant^ and if so^ whether it 
can be reduced by the alternate circuit. 

The variable source of electrical energy can be a 6 volt storage 
battery and potentiometer: 



However^ your instructor may suggest other -alternatives. 
The elements to be studied will consist of: 



1 composition resistor 
1 incandescent lamp filament 
1 dry cell 

1 semiconductor diode 

1 vacuum tube diode (filament power needed) 




Be sure to record the identification letters of the elements actually 
used^ and any ratings^ etc.^ that are visible. 
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TO BE TURNED IN 

Each student should turn in: l) A brief description of the method- 

ology, including circuit diagrams and identification of the instruments 
used. 2) i-v plots for each of the elements. For uniformity, plot v 
horizontally. Each plot should show both a curve fitting the data and a 
best-fi'c linear approximation. Also, for the diodes, show an expanded 
plot of the section of the graph where the characteristic *bends". This 
could be shown as an "insert” on the graph of the entire characteristic. 
5 ) A statement of the combination of ideal elements that could be used to 
represent each element, k) A discussion of any other aspects of the re- 
sults that seem of interest. 

Also, for at least one measurement show a computation of the per- 
centage error due to the simultaneous connection of the voltmeter and 
ammeter (see above). (You must know the internal resistance of one of 
the meters for this. ) 
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The Wheatstone Bridge and the Resistance Strain Gage 



0b.3ective 

In this project ve wish to study the Wheatstone Bridge and one of 
its many applications. This application is the determination of the 
resistance change of a resistance strain gage (RSG) which, in turn, is 
related to a mechanical strain. 

The Resistance Strain Gage 

It is convenient frequently to use electrical instrumentation to 
measure non-electrical physical parameters. This is possible because of 
the availability of suitable transducers. A transducer is a device 
which converts energy from one physical form to another. One of the 
simplest of such devices is the resistance strain gage (RSG). 

Recall that the resistance of an electrical conductor is given by: 




If the conductor is strained, the resistivity, p, the length,!, and 
the cross-sectional area. A, change. 

Also recall that: 

Mechanical strain «= s = f • 

total length L 

Consequently, if a RSG is secured to a mechanical specimen which is 
strained, the resistance of the RSG changes. Frequently, it is more 
convenient to detect this change in resistance than to measure the 
mechanical strain directly. 

If the unstrained resistance of the strain gage is R and there is a 
change in resistance AR for a strain, s, the gage factor or sensitivity, 




mil 

s 



is defined as: 
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The Wheatstone Bridge 

Admittedly, this change in resistance is small (perhaps of th^ order 
of one per cent). One method of determining this small change in 
resistance is that of comparing it ¥fth known resistances. This can he 
done in a Wheatstone Bridge. Such a circuit is shown in Figure 1. 



c: 

Figure 1 Wheatstone Bridge 

Here the unknown resistance is connected with known resistors 



If a source is connected between terminals A and C, in general, a 
potential difference, exists between terminals D and B. Under this 

condition if a detector I (such as a voltmeter or ammeter) is connected 
between D and B, it gives an indication of this potential difference. 

By adjusting the relative values of the resistors, can be 
reduced to zero. This is called the balance condition and under this 
condition: 




A 



3 



R^,R 2 ,R^ as shown. At least one of the known resistors must be variable. 




or 
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Application 

1) Examine samples of some of the resistance strain gages. 

2) Estimate the strain applied to the sample per revolution 
of the C-clamp jaw in the mechanical Jig available in the 
laboratory. 

3) Determine the gage factor, for the RSG bonded to the 
metal sample. Do this by setting up the bridge circuit shown 
in Figure 1. In this circuit, let: 



V be a 6 -volt diy cell^ 

and R 2 are known resistors; 

R, is a decade resistance box; 

R is the RSG, 
u 

I is a microammeter or null detector. 
k) Show that when the bridge is balanced that: 







Addi tonal Study 

5 ) Repeat 3) above but let V be a sinusoidal signal and I be the 
oscilloscope. 

6) There are many practical considerations required to obtain an 

accurate determination of strain using strain gage measurements. 

of the change 

For instance, part/of the resistance of the RSG may occur 
because of a change in its temperature and not because of strain. 
Effects of ambient changes in temperature can be eliminated by 
using a dummy unstrained RSG similar to the one under test as 
one of the other arms in the bridge. Such a circuit is shown 



in Figure 2. 
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Figure 2 Temperature Compensated Strain Gage 

Let R correspond to the bridge balance when R is unstrained j and 
2 ^ 

R’ corresponds to the bridge balance when R* is the strainsd value of 

C ^ 

resistance. Show that: 



AR. 



u 



R 



u 



R’ - R 
u u 

R 

u 






(E^ - Eg) 



R 

u 



Explain why the above equation indicates that this circuit gives 
temperature compensation. 

Using the circuit of Figure 2^ determine X again for your BSG-. 

7) In Figure 1 it is useful to know how varies as R^ deviates 
from the value required for bridge balance. Such an e 3 q)ression 
gives a measure of the sensitivity of the bridge. 



Suppose the bridge in Figure 1 is balanced by making 

R^ = R^ = R, =: R), = R. Also let R^ = 0. 

1 c ^ ^ g 

Now let R be changed to R' - (R + AR) where AR/R « 1. 
u u 

Show that for this condition of unbalance, the open - 
circuit voltage 




V to) 
^ ^ * 



o 
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Heferences 

stout, M.B., Basic Electr ical Measurements, pages 64-80. 
Prensky, S.D-, Electronic Instrumentation , pages 58-67J 201-204 
Baldwain-Iiina-Hainilton^ Strain Gage Handbook 
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CHABACTERISnCS OF LA^RATORY IRSIRUMENTS 



I. In this laboratory period we wish to ascertain the characteristics of 
some bf the frequently used laboratory instruments; we wish to "find out 
about their applications, their capabilities and limitations (with 
regard to such things as frequency and amplitude of signals, etc« ) 

Thti equipment which we will examine includes: 

1. Oscilloscopes (Tektronix, Hype 503) 

2. Signal Generators (Hewlett-Packard, lype 200 and others) 

5 . Multimeters (RCA Voltohnyst) 



II. Check the accuracy’ of the oscilloscope sweep time scale and the 
horizontal and vertical input sensitivity scales. 

Compare the gain and pliase shift of the horizontal and vertical 
amplifiers. When is it important t^t they be matched? 

Note: The frequency of the 60 cps power line voltage is maintained to within 

4 0.1 cps in 60 cycles per second'. Tnis can be used as a frequency or a 



fi 



time standard. 



■ The calibration voltage source available at the front panel of the 

1 

oscilloscope may be used as a voltage amplitude reference. 

Determine the useful frequency range of the oscilloscope. 



III. Determine an* equivalent circuit for the audio oscillator, H.P. 200. 
Calibrate its frequency and amplitude scales. 



IV* Arrange two decade resistance 1x>xes as a voltage divider at the output 
of a signal generator. Check the appi*opriatehfefes of this arrangement for 
different settings of resistances and for different frequency settings of 
the signal generator (say 1000 cps and one megacycle). Use hoth the 

• I 

oscilloscope and the voltohmyst to measure the voltages) 

V. Determine the characteristics of diodes IN 2070. If time permits, 
vave^ forms and voltage magnitudes present in the circuit 
used to ascertain the diode charac*teri sties. 

Deferences: Electrical Engineering Science , Clement and Johnson, pg. 219, 

pp. 362 - 366 . 

Electrical Instrumentation , ITensky, Chap. 10| Apjjendix A, 
pg. 511‘ 

EE 2k Lab Notes, Appendix VII, pg. 95> 

Various Instrument Instruction 
Manuals 

Equipment List: 

Filament Transformer 
Oscilloscope 

voltohmjrst , \ 

Audio Oscillator 

Decade Resistance Boxes (2) 

Resistors, diodes, capacitors 

Instruction. Books for various laboratory instruments 
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Some Circuit Properties of Diodes 



Introduction 

Ilie proper performance of an electrical system may depend on the 
ability of that system to constrain the amplitude of a voltage or voltages 
somewhere in the system to within prescribed bounds. 

For instance, suppose Fig. l,b represents the 

chsUracteristic of the networh shown in Fig. l,a. 



• + 




Voltage Limiter Circuit 
Fig. l,a. 




Fig. l,b. 



A network configuration capable of realizing the transfer character- 
istic of Fig. l,b is shown in Fig. 2. 



' 
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Voltage Limiter Circuit 
Fig. 2 



Problem 1. 



A. Design, assemble, and evaluate the performance of the voltage 
limiter circuit shown in Fig* 2 having the following characteristics. 

Vg a l/ii- v^ ; ^il ^ ^ volts 
|v„| « 1.5 voltsj jv, j > 6 volts, 

B. Suggested Procedure 

1. ) Analyze the circuit of Fig* 2 assuming thab the diodes 

are ideal. This analysis should yield: 

a) The brealq)oints of Fig* l»b ; i»e., and Vg at points 
A and B as functions of the parameters in circuit of 
Fig. 2. 

b) The slope of the transfer characteristic between points 
A and B in Fig* l>b as a function of the parameters in 
Fig. 2. 

2. ) a) Obtain the i vs. v characteristic of the diodes. (Do 

this by displaying this characteristic dynamically on 
the oscilloscope.) 

b) How should and Rg be chosen to make the transfer 

characteristic of Fig. l,bo best approximate a horizontal 
line for jv^j > 6 volts. 

3 . ) a) Assemble the circuit of Fig* 2 having the specifications 

given in part A, above. 

b) Obtain its transfer characteristic^ Vg vs v^. 



c) Also, observe for jv^j <6 volts and 

|v^| >6 volts. 

d) Compare this circuit performance with the theoretlcaL. 
curve of Fig. l>b . 

4. ) How does the differences between the characterisitics of 
the physical and ideal diodes affect circuit performance. 

Replace one of the diodes in your circuit with an HI 48 or equivalent. 

Observe the performance of this new circuit. Modify your circuit, if 
possible, to compensate for the non-ideal behavior of the diodes in order 
that specifications of part A. may be met more accurately. 

Problem 2 . To Be Turned In 

You are employed by a manufacturer of diodes whose characteristics 
are equivalent to the IN 2070. 

, You are required to prepare an instruction sheet to explain to 
customers how to design a voltage limiter circuit of Fig. 2 using IN 2070' s. 

Include design criteria to obtain any desired slope and breakpoints A and 
B in the transfer characteristic of Fig. l,b. 

Also, if the diode i vs. v characteristics are within + 1 $ of those 
' you measured, tihat accuracy can you guarantee in the transfer characteristic 
of the assembled voltage limiter circuit. 

♦ 

In struments and J^feterials Available for the Project 

2 Decade Resistance Boxes 
2 Potentiometers, 1000 ohms (approx 
1 Signal Generator 
1 Oscilloscope 



2 Diodes, type IN 2070 

1 Diode, type IN 48 

2 Dry Cells, 1.5 volts 
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Project VI 

* p 

AN IimODUCTION TO THE DIGITAL OOMHJTER 



I, Introduction 

Electronic dlglt&l coniputers sre *be coming incresisingly availsLle in 
all facets of modern society and, consequently, its tehooves us all to 
learn, at least to use these computers as a computational. tool. Further- 
more, to the engineer, the computer offers exciting, fertile areas of research, 
development, and design; and lucrative opportunities in man\ifacturing 
and sales. 

There are many levels of understanding which one may attain concerning 
computers. 

First of all, one may learn to operate the computer without regard 
for its inner workings. This activity is called programming. It requires 
a knowledge of the vocabulary of the computer and (in general) of 
numerical analysis. 

In addition, one may become familiar with the brOad> general org&filzatibh 
of the computer, often called the system design. The system design |n«Jludes 
the specifications of the performance of the machine, i.e., capacityi 
speed, etc. 

The logical design gives a wiring diagram of logic blocks which 
implement the system design. 

Finally, one may study in detail the various circuits and semponents 

1 

which perform the logic operations and meet the specifications 6f 
performance in the system design. 

The engineer is in the enviable position because Of his knowledge bf 
mathematics, physics, and technology, of being able to work on all these 
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aspects of digital computers. However, in this introductory project we . 
shall concern ourselves with learning to use the computer as a computational 
tool. We shall program and solve elementary problems on the LGP-30, a 
desk-size, general-purpose, digital computer. 

Attached is a list of programming instructions and a detailed list of 
operations required to use the LGP- 5 O 0 Before proceeding with these, there 
will he a brief discussion of the general organization of a geneial purpose 

digital computer. 

II# General IJescriptiqn 

A digital computer may be defined as a defies that i§ capable ©f 
automatically carrying out a eequenoo ©f operations ©n data e^tpressed in 
discrete or digital (numorioal) form# In what follows, computer^will ii^or 

general-purpose, digital computer# 

Note that the computer can handle only the numerical analyses of 
large classes of problems. Por instances the differential equation 
describing an electrical current decaying in an inductance-resistance 
network iss 

L ~ + Ri * Oj i = at t = 0. (1) 

Its solution is: 

i=l ( 2 ) 

o 

This^^eneral functional relation shown in ( 2 ) cannot b e obtained 
with a digital computer# However, a program can be written for the 
computer such that for given values of I^ and r/L the numerical values of 
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i can Td 6 computed (and quickXyJ ) for all specified values of t» 

[i.e., i(0)} i(l)j i(2)j . . .] 

Consequently, the progranmied must formulate the problems to be 
solved in numerical form# He must knovr that the approximate numerical 
methods give solutions which converge to the exact solution. We shall 
not concern ourselves with these important problems at this time. 

Most computers can be represented by the diagram shown in Fig. !• 
The arrows indicate flow of information . 




Figure lo Block Diagram.. 



A. Input "Output Units 

One communicates with a computer through input and output devices. 

In the LGP information is fed into the computer by; 1) tat)es-f<id :• .*•* 
into a high-speed photoelectric tape reader| 2) tapes fed into the flexo 
writer tape reader; or 3) manually on the flexo writer. 

We shall enter information by first preparing a punched tape of our 
program using an auxiliary flexowriter Ahd then applying this to the 
tape reader. 
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The output vill Tae a print-out on the typewriter. This will “be 
controlled automatically “by the program entered at the input and stored 
in the memory 0 

Precisely what can he used in a vocahulary in the program is listed 
following page 10 of the attached instructio:*.o This vocahulary or list 
of instructions (called the G# E. Interpretive Routine) has heen uSSd 
to write a program for multiplying two vectors in example 1 of pag§ i ©f 
attached instructions* 

Notice that the tflachine has no initiative > iiS«^ it ©ann©t aahe 
decisions. It will do only whab is included in the p’Ograa. Ai^ p*©hl©» 
to he solved must he formulated Using only the list ©f instructions 
included in the G. E. Interpretive Routine* 

B» Memory, .tlnit 

These instructions plus the data are entertd though ©he of th@ 
input devices and stored in the memory. In the Ij 0P“30 the memory is a 
rotating magnetic drumo The memory has a capacity of h096 words^ each 
work position contains 30 binary hits plus a sign bit and a spacer hit. 

Each word location is identified hy an address . The address and the word 
(or information) stored at that address should not he confused. Data are 
entered in floating decimal point form (see page 5 of attached instructions). 

C. Arithmetic Unit 

Referring still to Pig. Ij the computation is done in the arithmetic 
unit. In the LGP-50 this is called the accumiolator or accumulator 
register. Actually it is a ■'jotdjton of the same magnetic drum which provides 
the memory. Data stored in the memory are brought to the accumulator as 
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ordered “by the program (stored in Another portion of the memory)* The 
data are manipulated and disposed of as ordered hy the program. The 
results may he stored in other locations in the memory and/or printed out 

h>y the typewriter. 

D* Control Unit 

The control unit in Figure 1 includes the components and necessary 
logic circuitry (such as timing, gating, and synchronizing equipment) 
required to permit the computer to function properly. 



III. The Problem 

A. Study the attached instructions: Short Course on Use of I/}P-30. 

B. 1. Write a program for one of the problems in each of the two 

categories below, (if you have another problem of interest 
and it is not too complicated, you may use it«) 

2. Have your instructor check your programs. 

3 . Run these programs on the LGP- 5 O 0 
Check your results. 



Category I 

a) Given Z ** R + JX, 



Determine 



Y = 



= G + ;3B 



R + JX 

for five assumed values of R and X. 
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b) Given Z =» R + JX 
In the expression 

z = |zh^® 

Determine |z| and 0 for five assumed values of R and X. 

c) Given: y =» a + a.X -?■ a_5^ + a,X^ 

o ± d 

» 10 + X + 2,5X^ - 5X^ 

Determine y when X » -l/2, l/2, 10* 

Category II 

. t 

a) Given: aX + hy a f 

l3X + dy « g 

Aasume values for B| *b, c> d, f> go 



i H 1 Bln {lit 

L *3 (10)*^ henry® 
C C « (lO)"” farads 

R « 5 ohms 



Determine x. 



b) ^ 



R 



Determine and plot V for the following values of w a 2jtf : lOO; lOOO) 

rms 

5000; 7000; 9000; 10,000; 11,000; 15,000; 20,0004 



B. Silverman 

V2/64 
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SHORT COURSE ON USE OF LGP>30 

) .. 

imoDuc!n:oN 

^ ■ Why you vish to join us in this venture into the workings of 

this small sized digital machine is unknown hut* intuition says it 
may either he curiosity or that you have a mathematical problem that 
requires tiirning the crank iSar too many hours to suit your impetuous 
nature. Be oiiT guest please. If you have never programmed before, 
you will first have to learn the rudiments of this activity before 
joining ug) with the others -jfed fiad. . : out which buttons on the , 
computer to push and whenj and if nothing happens what to do next; 

In fairness to all, it will be assumed that ignorance prevails but.l 
conciseness is desired. 

PROCHtAMMINa 

) The LQP-30 is a digital machine that for our purposes understands 

commands associated with what is known as the G.E. Interpretive 
Routine. Suffice it to say that this method of programming simplifies 
the pr0dedtti*e for setting up a step by step program to solve a 
mathematical problem. The basic coii^utational element in the conqputer 
for this routine is probably the accumulator. This is nothing more 
than a storage location where, for example, you can place a number 
you wish to add another number to or miiltiply by another number etc. . 
Numbers come to the accumulator from a magnetic drum memory. This 
memory is split into three useable sections; l) Storage space for 
the G.E. Routine, 2) lOOO storage locations (numbered 000 - 999) 
for instructions in your program, and 3) 1000 storage locations (again 
000 - 999) for your data. Access to the memory is provided by a 
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} typewriter (called flexowrlter for some esthetic reason) and the photo 

reader. Other units of use to you are the counters or index 

registers used primarily for address modification and also an address 

< 

register that holds Just one address. A q,uick check of the programming 
instructions shows a typical program instruction hf 110 to have an 
operation bf (bring from) and an address 110. We shall shortly see 
why we wish to be able to modify this address. 

For your ready use, the basic programming instructions are appended 
to this report and it is suggested that you now become familiar with 
them. -——“—'So now that we are all familiar with the program 




instructions, let us write two short programs. 



Example ( 1 ) : ( Simple ) 



Compute the Dot product of two vectors A and B* 
A = iO.lOx - 5-OC^ + 6.50 z ■ 

B = “2.1cSc + 5.10y + . 08 z 



The 


program 


000 


bf 


001 


001 


mb 


oo4 


002 


hi 


007 


005 


bf 


002 


oo4 


mb 


005 


005 


ad 


007 


oo6 


hi 


007 


007 


bf 


005 


oo8 


mb 


oo6 


009 


ad 


007 


olo 


hi 


007 


on 


pt 


007 


012 


ht 


000 



Here the program instructions are to 
be placed in instruction memory locations 
000-012 and data will be placed in data 
memory locations 001-006 i.e. in 001, 
A in 002, etc . . 

^ 007 

rUotice that data locationMs used as an 
auxiliary storage place in the computer. 



• This program is self eacplanatory. 
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This program evaluates 



100 


cc 


000 


101 


bf 


100 


102 


hi 


L 05 


105 


bf 


101 


xck 


hi 


102 


105 


bf 


102 


106 


mb 


102 


107 


ad 


105 


108 


hi 


105 


109 


bf 


102 


110 


ad 


101 


111 


hi 


102 


112 


ic 


005 


115 


tt 


105 


Il4 


pr 


105 


115 


ht 


100 




In this program the instructions are 
stored in memory locations 100-115 • . 

Data is stored In locations 100 and 101 
"where a zero is in 100 and a one in lOl* 



A short explanation goes as follows: The first five instructions 

"initialize" the machine hy clearing the counters, starting the 
summation at the right place, and placing a zero in the storage space 
of the sum. Instructions 105«108 do the squaring and the summation.. 
109-111 form the new "n" (that is n » n + l). The next two instructions 
count the number of times the calculation has been performed, and 
returns the machine to I 05 if it has not completed the summation. 

When the summation has been completed 11^ prints the number and II 5 
halts the machine. 

Suppose we take the 1st of these programs and put it on the 
computer. It^s very simple. The G.E. codes tell the computer where to 
put the program and the data in memory and we're in business. So what 



are the G.E. codes? 



gCe? codes 



There are five basic codes associabed vibh the G.E. routine. 
These permit us to place or retrieve infomidtion^ and to start 
computations . 



Code 


Description 


I'xxxyyy*".. ' 


The 1 code is used to place instructions in the 
machine. The xxx is the first location of the 
instruction and yyy the last. 


2'xMcyyyj; ' 


The 2 code is used to place data in the machine. 

The XXX is the first location and the yyy the last. 


5 'xxxyyy;!7.' ' 


This code, 5, is used to determine the contents 
of instruction locations xxx thma yyy. 




This code, k, is used to determine the contents 
of data locations xxx thru yyy. 


^'xxxiz 


The computer will perform the instruction in xxx 
and all the following instructions sequentially. 

At this point we Could actually turn on the machine 
and type in our program manually but let’s go for 
broke and make a tape. 


Taping A Program 


• 



A spare typewriter is available in the LGP-30 room and can be • 
used as follows: 

1. Throw power toggle switch to on. 

2. . Depress Punch On lever on the typewriter. 

5* Depress Tape Feed lever and allow six inches or so of tape to 
run out. 

k. • Begin to type the following 



' bf 001 
^’imbOOh ' 


a) 


All hyphens (actually a stop code to the com- 
puter) must be typed. 


1 -hi 007' 
'.bf002' 
:mb005' 
■ ad 007' 
lhi007' 
bfp03' 


h) 


When an error is made, back off your tape 
manually one space, press delete lever, retype 
the correct symbol and continue. If the error 
goes unnoticed for a few symbols you must 
delete all symbols back to and including the 
error. 


: mb 606 ' 


• 


• 


1 ad 007' 
Ihi 007 ' 
'■pt 007 ' 

l.ht000' 


0) 


The data words are seven digit words 
floating point format i.e. N =* + F x 10~ 

N = xxxxxxx + yy 



2'm'iOQiS'" 

100b000'02' 
-5^000000 '01' 
6500000 '01' 
- 2100000 ' 01 ' 
31Q0000'01' 

8000000 '-01' 



xxxxxxx «a P 
yy == E 

The + sign does not have to he typed. 



5. A carriage return on the typewriter may be pushed at any time 
after completion of the stop code at the end of the instruction or 



data word* 

6 . Caution ; Do not use the space bar between an operation and an 
address. Use a zero and not an "Oh” » 0. A one is a small 



7« When finished push tape feed, let a few inches run out and then 



tear off. You are now ready to fire up the computer. 

A. Readying the Computer (if the computer is on^ proceed to B) 

1. Typewriter - throw the power toggle switch to o^. 

Photo Reader - push Reader Power button. 

3* Computer Console * depress sequentially One Operation " button, 
Manual Input button. Operate button and Power On button. 
When this is done, wait for several minutes until the lights 
on the console buttons Standby and Standby to Operate go out and 
then proceed. 



B. Insertion of the G.E. Routine 



1. Photo Reader - turn Input Switch to typewriter » 

2. Computer Console - depress Manual Input button. 

5* Typewriter - turn ■ c6rinect switch to off and make sure that 
all el^t control levers are up. 

Typewriter - Insert GE 10-^ Bootstrap In the front tape feed 
off the typewriter (minting up). 

5. Typewriter - push Start Read lever. . .'u/ 

(word manual Is typed) 

t » 

6. Typewriter - push Start Read lever again. 

7 . Computer Console - depress Fill Instruction button. 

S,- Typewriter - push Start Read lever. 

9. Computer Console « depress sequentially One Operation . Execute 
Instruction and Manual Input . 

10. Repeat steps $, 7> 8 and 9 until word Normal is typed (about 
six repetitions). 

11. Typewriter turn coaiee-fc switch to on and push Manual Input 
lever. 

OK%J 

12. Computer Console - Jfeke sure Breakpoint 32 is downA( other 
breakpoints immaterial). 

Photo Reader = load G.E. Interpretive routine (T^rtntlng down). 

Turn input switch to Reader . 

l4. Computer Console » depress sequentially One Operation . Normal 
and Start . 

•15« If the tape does not go in - repeat from step 3.. 

16. Vflien tape is in, computer is ready for your progreuu. 

17. Depress breakpoints k, 8 and I6 and let breakpoint 32 come up. 



C. Insertion of Program 



The program may be loaded through the photo reader or thyough 
the typevriter. For simplicity we will insert the program throu^ 
the typewriter. 

1. Typewriter - connect switch is on and th(> ^nual Input lever . 

is the. only lever depressed. • ' 

2. Load program in front feed. 

5 . Computer Console “ depress sequentially One Operation . Clearj 
Counter . Normal and Start . 

4. Typewriter * raise Manual Input lever and the progreun will be 
read in. Depress the Manual Input lever at the end of the tape. Do 
not let the tail end pass throuadh the readeir . 

Initiating Computation 

At this stage you are rea^ to make the computer compute. This 
is done as follows s 

T 

1. Typewriter ~ depress ^nual Input lever. 

2. Computerc Console - Do the "four button seguehe a." One Operation . 

>1 1 * ‘ — 

Clear Counter . Normal . Start . 

5 . light will come bn on the typewriter. 

4. Type in the code 5 xxx. Depress the Start Compute lever #• 
wherever a "stop code" belongs, xxx is the first location of the 
program^ e.g. in the example 000. 

5* Sit back. and pray until your answers come out. 
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A program may not always run the first time it is tried. Many 
times this may be due to an incorrect operation, which will be 
signaled by the computer printing an error code, or a programming 
error. One very effective method of determining the cause of errors 
is to trace the program throu^ step by step. If the transfer control 
button on the computer console is depressed and the program stai^tdd 
using the "5" code, the computer will type out the operations step by 
step. The transfer control button may be depressed any time in the 
operation, thus if an error occurs late in the operation we may let 
the program run for several minutes at hi^ speed and then depress the 
transfer control. In this mode of operation, the computer will print , 
out the location of the instruction, the instruction, the result of 
the instruction, (the number now in the accumulator), and the number 
used to perform the operation, « 

Another aid is "breakpoint i)-". This will perform one operation every 
time the start compute button is depressed. This may be used in con- 
junction with the transfer control button to enable the operator to 
analize the results of the print out. 

A wrong instruction may be corrected byj l) going through the 
four button sequence, 2) typing l^xxx, xxx the location of the wrong 
instruction, 3) typing the corrected instruction. If this 
program performs correctl.y, it may be punched out to use later by 
using the instructions on "Tape Readout frcm Memory". 



Tape Readout From Memory 

Information stored on the drum may be punched out on tape to be 
used later as the input. Either the flexowriter or the high speed punch 
may be used to produce the tape. The input selector must be on 
typewriter; the output selector on either typewriter or punch, depending 
on which one you prefer to use; and the transfer control button. on the 
console must be depressed. If the flexowriter is used the punch switch 
should be depressed. A/leader of a lea.st one foot should be a3J.owed, by 
pressing the tape feed. on the appropriate device, before punching begins 
To punch instructions, a (j) should te typed followed by depressing 
the typewriter start ccmpute lever. A (3)> space, th^ a (l ) will 
be punched. The first and last address must be typed followed ly.‘ 
depressing the start compute lever. punch out data stored on 

the drum a (k) is typed instead of a (3). The operation is the same. 
When finished the operator should allow for about another foot of 
tape. 

Making a Tape From A Tape 

If you have a taped program that you. wish to reproduce, use the 
spare typewriter as follows: 

■ 1.' Depress Punch to and Conditional Stop levers (If conditional 

stop is up only one instruction will be read at a time ) . 

2. Load the tape to be copied in the front feed. 

3. Press Tape Feed lever and allow about one foot of tape to 
ccme out. 

1|.. Push carriage return on the typewriter. 
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5. Push gtart Read lever and valt for the copy to be made. 

6 . When finished push Stop Read lever (do so before the tail 
end of the tape to be copied runs out). 

7. Press Tape Feed lever and let a few inches run out before tearing 

off. 



Robert Herman and James Rudolph 



ni. PROGRAMMING INSTRUCTIONS 

This section contains a detailed description of the programming instructions 

for thisvroutine. Frequently, a small illustrative program will follow these 

% 

descriptions. For each instruction, the following information will be given: 

1) The code for the operation 

2) The address portion: 

Either a) ppp - 3-digit instruction location 

b) ddd - 3-digit data location 

c) 000 - Operation does not utilize a memory location. 

d) OOn - A numerical value, n. 

Later, a concise summary of all operational codes will be given. 



OPERATION 


ADDRESS 


INTERPRETATION 


A. Arithmetic Instructions 


- 


ad 


ddd 


Add. Adds the number in data location ddd 
to the number in the accumulator and places 
their sum in the accumulator. 


st 


ddd 


Subtract. Subtracts the number in data 
location ddd from the number in the accumula* 
. tor and places their difference in the 
accumulator. 


mb 


ddd 


Multiply By. Multiplies the number in data 
location ddd by the number in the accumula- 
tor and places their product in the 
accumulator. 


db 


ddd 


Divide By. Divides the number in the 
accumulator by the number in data location 
. ddd and places their quotient in the 
accumulator. 



B. Function Evaluation Instructions 



ab 



ddd 



Absolute V^ue. Replaces the number in 
the accumulator by the absolute value of the 







tr 



nv 



number in data location ddd. The si^ 
of the number in ddd remains unaltered. 

ddd Negative Value. Replaces the number in 

the accumulator by the negative of the 
absolute value of the number in data 
location ddd^ The sign of the number in 
ddd remains unaltered. 






as ddd Alter Sign. Replaces the number in the 

accumulator by the negative of the number 
in data location ddd. The sign of the 
number in ddd remains unaltered. 

sr ddd Square Root. Replaces the number in the 

accumulator with the square root of the 
number in data location ddd . 



t 




h 




I 

i 

f 
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sn 



di 



cn 



do 



at 



ez 



in 



ddd Sine (Radian) . Replaces the number in 

the accumulator with the sine of the number 
in data location ddd. The number in ddd 
must be expressed in radians. 

ddd Sine (Degree) . Replaces the number in 

the accumulator with the sine of the number 
in data location ddd. The number in ddd 
must be expressed in degrees* . 

ddd Cosine (Radian) . Replaces the number in 

the accumulator with the cosine of the 
number in data location ddd. The number 
in ddd must be expressed in radians. 

ddd Cosine (Degree) . Replaces the number in 

the accumulator with the cosine of the 
number in data location ddd . The number 
in ddd must be expressed in degrees*. 

ddd Arc Tangent (Radian) . Replaces the . 

number in the accumulator with the angle 
whose tangent is in data location ddd. The 
angle is expressed in radians. 

ddd Arc Tangent (Degree) . Replaces the number 

in the accumulator with the angle whose 
tangent is in data location ddd. The angle is 
expressed in degrees* . 

ddd Natural Log. Replaces the number in Lip 

accumulator with the logarithm to the base 
e of the number in data location ddd. 



' * Fractions Of a degree are expressed decimally, not in minutes and seconds. 
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Iz 



ex 



zX 



vf 



I 



Ifokes: 



ddd 

ddd 

ddd 

ddd 



Log (Base 10). Replaces the number in 
the accumulator with the logarithm to the 
base 10 of the number in data location ddd. 

Exponent (Base el « Renl 

— - - _ ■ r ^JC 'UK'*— «>•« Vf Jik/ V A 

in the accumulator with e , where x is the 
number in data location ddd. 

(Base 10). Replies the number 
in the accumulator with 10 , where x is the 
number in data location ddd . 

Replaces the number in the accumulator 
with the fractional part of the number in 
ddd. The fractional part of a number is 
defined as the difference between that 
number and the next smallest integer. 
Thus, the fractional part is always 
positive, (i.e., the *f factional part of 8,7 
is 0.7 and the fractional part of -8,7 is 
0.3) 



1, Execution of the instructions listed above leaves the number in data location 
ddd unaltered. 

2, The address portion of the arithmetic and the functioi nation instructions 
may also read "acc" (the accumulator), in which case the rd "accumulator" 
replaces the words "data location ddd" in the interpretation. 

C, M oving Instructions 

<Jdd Bring From. Replaces the number in the 

accumulator with the number in data 
location ddd. The number in ddd remains 
unaltered. 

W ddd Hold In. Stores t!ie number in the 

accumulator in data location ddd. The 
number in the accumulator remains 
unaltered. 
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EXAMPLE I 

sin X* 

Consider a program to deterralne y where y = f7”o8 ' x • 
degrees is stored in data location 101 and ”1” is in location 103. The result is stored 
in data location 200. The instructions are Stored sequentially, starting in instruction 
location 300. 



300 


dolOl 


Replace the number in the accumulator by 
the cosine of "x, " 


301 


adlOS 


”1” is added to cosine x. ”1 -i- cos x" in 
accumulator. 


302 


hU(H 


**1 - 1 - cos x” in data location 104. 


303 


diiqi 


Replace the number in the accumulator by 
the sine of "x. ” 


304 


dbl04 


Divide "sin x" by "1 + cos x" which is 
stored in memory location 104. 


305 


U200 


HOLD y in memory location 200* 



a« Logical Instructions 



This interpretive routine executes instructions sequentially in the instruction 
morninry^ Pof exantiple, OHce the execution of the instruction in location 300 has 
been completed, execution of the instruction in location 301 will be initiated; thien 302, 
etc* In many cases, this feature is undesirable. To repeat the same sequence of 
steps over and over would often be very lengthy and could exceed the capacity of the 
instruction memory. Also, a problem might be divided into two or more parts and 
the programs for these parts stored in different places in the instruction memory. 
Sequential operation alone is not adequate to fill these and other needs . Thus, .logical 
instructions have been included. 

There are two unconditional transfer instructions. Explanation of the instruction 
"transfer to control" has been deferred until later. (See page 30.) 

The instruction "ttppp” transfers operation to instruction location ppp, executes 
the instruction stored. there, and continues sequentially; (ppp + 1), (ppp * 2), etc. 

Transfer instructions may Sdso be used to vary the sequence of executing a 
program, depending on the numerical value of the quantity in the accumulator. 

These instructions are referred to as conditional transfers. 

tn ppp Transfer on Negative . Executes the in- 

struction in instruction location ppp. if 
the number in the accumulator is negative* 

A positive number in the accumulator 
causes the next consecutive instruction 
to be executed. 

Transfer on Zero. Executes the instruction 
in instruction location ppp if the number in 
the accumulator is zero . A nonzero number 
in the accumulator causes the next consecutive 
instruction to be executed. 

Transfer on Negative E;iponent. Executes 
the instruction in location ppp if the 
exponent of the number in the accumulator 
is negative. A positive exponent causes the 
next consecutive instruction to be executed. 



tz ppp 



Ml ppp 



b. Miscellaneous Instructions 



ht 



000 



no 



000 



Halt, Compulation halts. If the "start 
button." on the console is depressed, 
computation begins with the instruction 

&wAA\^W4aig viic llc&At • 

No Operation. Control proceeds to the 
instruction in the next instruction 
location. This operation is likely to occur 
when a superfluous instruction has been 
deleted from a program. 

' V 



EXAMPLE 11. 

Again, consider the program to determine y where y -yTc^x* * (angle in 
degrees) in equal to 180, the- above equation cannot be solved. Therefore, a test is 
necessary to determine when the denominator is equal to zero. As before, "x" is 
stored in data location 101 and "1" in location 103. The result is stored in data 
location 200. The instruc^ons are stored sequentially, starting in instruction 
location 300. 



300 


do-101 


Replace the number in the accumulator 
by the cosine of x . 


301 


adl03 

• 


"1 ** is added to cosine x . 

"1 4 cos x" in accumulator; 


302 


tz307 


If 1 -f cos X = 0, transfer to instruction 
location 307, where compatatioii halts. 
If 1 4 cos X 0, the next instruction is 
executed. 


303 


M104 


"1 4 cos x" in data location 104. 


304 


diiqi 


Replace the number in the accumulator by 
the sine Of x. 


305 


dbl04 


Divide "sine x" by "1 4 cos x" which is 
stored in memory location 104. 


306 


M200 


Hold y in memory location 200. 


307 


htOOO 


Computation halts • 



D. Address Modification 

Repetition is a characteristic of most problems handled on automatic computers. 
In some instances, a repetitive process is easily programmed using only conditional 
• transfer instructions. More often, some of the instructions to be-. repeated require 



L 
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, flight modification each time they are executed. To facilitate programming of this 

nature, two types of address modification are available, effective and actual 

h 

' modification. It is this phase of programming which utilizes the address register 
5 an the nine counter registers. 

1. Effective Modification 

The introduction states ’’all instructions are composed of at least two parts, 
an operation and an address. ** One way to modify the address of any instruction is 
to add a third part to the instruction, namely, a counter register number. Nine 
registers are available. If an instruction is preceded by a register number (1 to 9), 
the address used for execution is the sum of the address of the instruction and the 
contents of the indicated counter register. If counter register three, for example, 
contains the number 7, the instruction 3bfl20, when executed, brings the number 
in data location 127 into the accumulator. The address is modified only for 
execution purposes. In memory, it remains 3b!120. 

An instruction can include as many as three counter register numbers pre- 
ceding the operation. A number in the first position to the left of the operation 
j code adds the number in that counter raster to the address. A number in the 

second position to the left adds to the address ten times the number in that counter 
register. A number in the third position adds one hundred times the number in the 
register to the address . This augmented address must, of course, always be less 
than one thousand. 

For example, suppose: 

Counter register one contains a 3 
Counter register two contains a 4 
Counter register three contains a 2 

1. 123bfl00 would bring into the accumulator the number in data location 442 . 



Address 


100 


Register 3 


2 


10 times register 2 


40 


100 times register 1 


300 



( 




10 
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2. 33bflOO would bring into the accumulator the number in data location 122. 

Address loO 

Register 3 2 

10 times register 3 20 

122 

3. 200bf300 would bring into the accumulator the number in data location 700. 

Address 300 . 

100 limes register 2 400 



There are three instructions which modify the contents of a counter register. 



cc 


000 


ha 


OOn 


nc 


xxx 



Clear Counters. Clears all covntcr registers 
to zero. 

Hold Address Register. Replaces the 
contents of the counter register ”n" with 
the address stored in the address register. 
The address remains unaltered in the 
address register. 

Compare Counters . Compares the number 
in counter register "n" to the number xxx. 

If the number in register "n" is less than 
xxx, one is added to the number in counter 
register "n" and the first successive 
instruction is executed. If the number in 
"n" is equal to or greater than xxx, then 
register "n" is reset to zero and the second 
successive instruction is executed. 



Consider three insthictions in locations 100, 101, 102. 

100 3c007 

101 tt050 

102 htOOO 

In executing the instruction in location 100, the number in counter register three 
is compared to the number 7. If it is less than 7, one is added to the number in 
register three and control is transferred to the instruction in location 050. If the 

I 

number in register three equals or is greater than 7, then register three is reset 
to zero and computation halts. 



J 



Counter registers are also useful when a process is to be repeated a definite 

# 

number of times. Initially, the counter register is set to zero, not one. Therefore, 
to repeat a sequence of instructions y times, the address portion of nc xxx instruction 
should be set to (y - 1) . 

When counter registers are used in a program, the ccOOO instruction should 
always appear at the beginning of the program. 

The advantages of this method of address modification are simplicity of use 
and the fact that the instructions remain unchanged in memory. 



2. Actual Address Modification 

Utilization of the address register is necessary to actually change the address 
portion of an instruction in the instruction memory. This register might well be 
called an address accumulator. It is the computational element where an address 
can be stored, incremented, or compared to another address. 

The following instructions utilize this register. 

PPP Fill Register. Replaces the contents of 

the address register with the address 
portion of the instruction stored in ppp. 

The address of the instruction in ppp 
remains unaltered. 

Fill Address Register. Replaces the 
contents of the address register with the 
contents of counter register "n" . The 
number in ”n” remains unaltered. 

See page 11. 

Hold Register. Replaces the address 
portion of the instruction in location ppp 
with the contents of the address register. 
The contents of the address register 
remain unaltered. 

Increase Register. Adds the number "n" to 
the contents of the address register and ; 
places the sum in the register. (0 < n < 
999) “ 

rr OOn Reduce Register. Subtracts the number 

"n" from the contents of the address 
register and places the difference in the 
address register. (0 < n < 999) 



fa 



OOn 



ha 

hr 



OOn 

PPP 



Ir 



OOn 
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rv OOn Compare Register Value. Compare the 

number ”n” to the contents of the address 
register. If the contents of the register 
are less than ” 0 ", the first successive 
instruction is executed. If the contents 
of the register are equal to or greater than 
”n” the second successive instruction is 
executed. 



There is one other instruction that results in actual address modification. This 
instruction, however, does not use the address register. 

sa ppp Set Address. Adds two to the location of 

the instruction being executed and places 
this number in the address portion of the 
instruction in ppp. 

This instruction is used in setting a subroutine exit. 

The program for a problem involving the repetition of a process should consist 
of four parts. 

1. Initialization 

a. Counter registers are set to zero. 

b. Any addresses which will actually be modified 
are set to the initial value. 

[ It is important that all initializing be done by the 
program and not solely by loading.] 

2. Execution 

The actual mathematical operations are performed. 

3. Modification 

Address modification, whether actual or effective, 
is performed. 

4. Test 



Determine whether the process has been executed 
the desired number of times . If not, control is 
transferred back to 2 above. 



■mree Input-Output Instructions Are Available: 



id 



Pt 



pr 



cr 



ct 



ddd 



ddd 



ddd 



oon 



oon 



Input Data - Enters one floating point 
number through the Flexowriter into the 
accumulator and replaces the contents 
of the accumulator and data locati’on ddd 
with this number. | 

4 

Print and Tab - The contents of the 
accumulator are replaced by the number 
In d^td location ddd, the number i^ 
printed and the carriage moves to the 
right on column. The number remains 
in both the accumulator and locatibn ddd. 

Print and Return :- The same as print and 
•^b, except that after the number is 
printed, the carriage returns to column 
one and up spaces. ; 

i 

Carriage Return - Returns the carriage 
to the left-hand column and up spaces 
"n" times. crOOl’ up spaces once. 

Carriage TSb - Tabulates the carriage 
"n" times. ct002 tabs twice. 



Electrical Engineering Department 

BE-24 Project 7 

A. C. Bridge Circuits 

I. Bridge circuits give useful methods for determining values of 
circuit components* In such a measurement the precision and accuracy are 
limited by the precision and accuracy of the bridge components. 

XI* Assemble the bridge circuit shown in Fig. 1 and determine the 
value of and for the linear inductor furnished by the Instructor. - 

HI. Using the same components as those of Fig. 1 for known elements^ 
determine the value of the capacitor furnished by the Instructor. 



R^ and are fixed resistors. 

is a decade resistance box. 
I^ is a decade inductance box. 



Fig. 1 

IV. The bridge configuration shoyn in Fig. 1 is a straightforward 
extension of the d.c. Wheatstone Bridge used in Project 5. 

It is natural to ask if there are other parameter cirrangements 
which also permit a balance^ and if what are the advantages and 
disadvantages of a particular arrangement. For instance? l) Can an 
a c bridge be built whose balance is independent of frequency? 2) Can 
inductor and capacitor values both be determined with a bridge composed 
of only capacitors and resistors? 5) What limits the magnitude of the 
impedance which can be measured, etc. 

For example, consider the bridge circuits shown in Figs. 2 and 
5. Note that the circuit of Fig. 5 (except for the unknown) Is obtained 
by re^'^ranging (switching) the elements of the circuit in Fig. 2. 
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A* C* Bridge Circuits 
- 2 - 




' ' ' ^ ^ 

V « V sin (I) t; (t) Is vArlab3be* 

• R, and C_ are fixed. 

A T 

R^ and are known variable 
resistors. 

R and C are unknown to be 

• X X . 

determined. 



Pig. 2 I • 

The balance condition is ’ab=°- 

A. ) Determine C and R as a function of the bridge parameter at 

' XX 

balance . ttiIb ahonTd be done prior to coming to class . 




. dm 

at balance; i.e., when 0. This should be done prior to coning to 

class . 

In both circuits note that? 

I.) No Inductors are used, 
t. 2.) only resistors, Rj^ and R^, are vwied. 

5 .) The balance is independent of frequency, ^s this ‘true 
in practice?) 

V. Determine the range of R, L, and C which can be measured by the 
General Radio l6^ Inpedance bridge. 

VI. Sketch the circuit arrangements for 0. R. I 65 O when it measures 
R, Id*R and OR. 

vn. Derive the expression for the unknown for each clirouit arrange- 
ment in '.’VI. 
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A. G. Bridge Circuits 
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VIII. Connect in series the inductor and capacitor- which have been used 
as unknowns l! Determine the impedance of this arrangement as a function of 
frequency. Include £ts resonant frequency. Use the G. R. I 65 O and check 
several points using your assembled bridge. Plot [bJ;. versus frequency. 

■ ^ IX. Compare the performance of the G. R* l650.Dipedance Bridge with 
that of the Vftieatstone Bridge used in Project 5. : and with the performance 
of the circuit shown in Fig. 1. 

X. ^ Equipment list: - , 

Fixed Vt> Resistors 
Decade Resistance Box 
Decade Inductance Box > 

Signal Generator ^ 

Oscilloscope 

General Radio Bridge 165 O-A and instruction book. 

Fixed Inductor (lifclybdemM Permalloy core)' 

• Fixed Capacitor 

XI. References! See Project '..5.-^ The Wheatstone Bridge. 
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Series and Parallel Resonance 



The subject of resonance is so important that we wish to verify 
-experimentally some of the well-known analytical results describing 
this phenomenon. 



I.‘ Series Resonance 









■mrafj- 



if 



R = 50 ohms (included. 

_ resistance of inductor) 

C = ( 10 ) farads 






2 _ /__vlO 

0 ) ^ _ 1 _ =. ( 10 ) 

LC 



j 



«o’ = 20 



Elg.'l 

In fig. -Ij L must be chosen so that = 20 when = (lO)^. 

1. Obtain a response curve; i.e., I (rms- value of the current) 
vs. ?<*) holding the amplitude of the input voltage constant. Include the 



) , .5 

point u) = ( 10 ) . 



2. Obtain a phasor diagram for the circuit of fig. 1 at the resonant 

frequency, the upper, and the lower-half power points. Include V. , V,, 

xn i-i 



V , Vp and’"'!;, 
c^ R 



5* Plot the results of (l) and (2)* Discuss the significant' 
characteristics of these plots. 



II. Parallel Resonance 




R = 25 ohm? 



\! LC 



i = 5(10)'" 



* 'V 



In Fig. 2, it required that maximum power be dissipated in R at 

u)‘ = 5 ( 10 )^ for a fixed value of E. 
o ^ 

1. Plot V and, for a fixed value of E. Include co = 5(10) 

2. Compare this result with that obtained for series resonance. 
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ELECTRONS ABE FASTER 



I . Introduction 



E. J, Kleteky 



Electricity Is potentially the 'most dangerous commodity in general use 
by the public today. In spite, of this, less than 1 per cent of the 100^000 
accidental deaths "which occur annually in the United States «e directly at- • 
trlbucable to electrocution. Considering the ever- increasing use of electri- 
city in the home and industry> we, ai electrical engineers, ihould be alert 

to protect and better this excellent safety ^record’. * " 

. > 

An understanding of the effects of electric shock, high-frequency heat- 
ing, and other electrically produced physiological phenomena on the human body 

■ :! ■ ' 

should be i>art of basic knowledge.. The purpose of this paper is to present a 
brief survey of these topics in the hope that the reader will become -^avare of 
the very real dangers inherent in the application of electrical phenomena. We 
shall consider these dangers in each frequency band of the electromagnetic 
spectrum- from the power frequencies to cosmic rays . 



II . The Power Frequencies 
1. Electric Shock 



The ratio of fatalities to injuries for electric shock accidents is 
very high in comparison to the corresponding figure for all other accidents. 
Death due to electric shock is fast and permanent . - Thus, the title of this 
paper. 



2 , Shock Sensitivity 

Because of man's highly developed ijervous system, he is sensitive 



to very small currents. For example, the tongue will give a sensation of 
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taste at currents as low as 45 microajnpe:res . The threshold of feeling on the. 
hand is found to be on the order of 5 nia . DC and 1 raal at 60 cps . The shocks 
due to Ijurrents at this threshold are usually considered annoying rather than 

» ' , k - ' 

dangerous. Hovever, they are startling vhen not antic ipatei^, and may cause 
involuntary movement vhlch sometimes results- in serious injury. 

As the v^ue of current increases above the threshold, one becomes aware 
of sensations of heat and contraction of the muscles . Sensations of pain de- 
velop and* voliintary control of the muscles in the path of the current becoiues 
increasingly difficult. Finally a value of current is reached where the victim 
"freezes*' to the circuit. Thej value of current at which a victim can Just re- 
lease the electrode is referred to as "let-go" current. The average let-go 
current for healthy males is about l6 ma. rms. (60'v). It is important to 

note let- go currents of as low as 5 have been measured. Experience has 

^ . 

shown that ano4ndividual can withstemd with no ili after effects, except for 
possible sore muscles, repeated eisqposure to his let-go current for at least 
the time required for him to release the conductor. 

3* Effect of Frequency and Waveform 

Gradually increasing direct current produces sensations of internal • 
heating. Sudden changes of current however, produce powerful muscular con- 
tractions, and interruption of the current causes very severe shocks. Ex- 

, t 

periments at 10:kc indicate that the let- go current is approximately 3^ times 
the 6o cycle value. For non- sinusoidal waveforms, the peak value seems to be 
the critical fnctor in muscular stimulation. 

Nature of Bodily Damage 

As far as gross elec triced effects are concerned, the body can be 



o 

ERIC 



O 



I 

r 






f # P> 

repr^seiated by the equivalenl circuit ahom in Pig. 1 




AAA. 



skin 



internal 









skin.; 



Fig. 1 Equivalent .circuit for body 



..V " ' 

The outer skin (epidermis) is roughly 0.1 mm. „thick and has a resistance of 
the order of 10^ ohms per cm^ vfaen dry. The inner skin (dermis) and the 
Internal organs are of relatively low resistance because of their high 
•salinity. It is generally believed that the effects of electric shock are 
due to the current, actvially flowing throujjjh the bo^. 

Electrical burns are a* result of I^ heating of "the skin. The iaaiedlate 
formation of blisters at the point of contact causes the skin to lose its 
protective resistance and hence more serious damage may occur. Bums of 
this nature penetrate quite deeply wd^ ■\dille they seldom become infected. 



heal very . slowly. 

Electrical current is most dangerous when vital organs are in its path 
through the body. Current may cause stoppage of breathing due to excessi've 
contraction of the. chest muscles . Temporal paralysis of respiration may 
also occur if the current produces a block in the nervous system -which pre- 
vents signals from reaching the lungs . In either case, it is liiqperative •; 
that an approved form of artificial respiration be applied imme diately and' 
continued without interruption until competent medical examination has been 



made. 



6 $ 
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5% Ventricular FUjrlllation 

Passage of eleccrical current through the. heart is considered parti- 
cularly dangerous^ The heart exerta its pumping action as a result of complex 

$ 

I 

rhythmic motion controllled by periodic electrical impulses to the muscle 
tissue.. The regularity of this motion assures proper blood circulation. 
E.Iectric current passing through the heart conpletely upsets this Rhythmic 

‘-T 

motion and results in random muscular contractions . The heart no longer 
effectively pumps, but quivers like so much ” Jell-0." This condition is kiiovn 
as ventricular fibrillation and is nearly sQ.vays fatal. It has been found 
that energy of the impulse of current is responsible for this hazard and an 

■7 

"estimate of the danger threshold for fibrillation is I 5.5 vatt-seconds . 

III. The Radio Frequencies 

At frequencies above the power range the primary bodily damage results 

* 

from dielectric heating. Heating also occurs from both conduction current 
and radiation. 

The temperature of the human body is maintained remarkably constant by 
very complex tenperature regulating mechemisms. These mechanisms, coordin- 
ated by the brainy control tenperatvire by regulating the production and loss 
of heat. Circulation of bodily fluids contributes . to the distribution of ohe 
heat. The change in diameter of the blood vessels, for exanqple, regulates 
the volume and velocity of flow. However, not all areas are equally we3.1 
regulated and it is possible for local heating to occur. Such local hea'ting 
is apt to be dangerous, particularly if vital organs are involved. A differ- 
ential of 5 C maintained for a suf f l~cfeiit~trine ~mayTbe 

Testes, for example, undergo degenerate changes with temperature rises as low 
1°C. 
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The amount of bodily tempt. ' ire rise depends on the specific area ex- 
posed and its efficiency of heat elimination. Other factors contributing 

\ 

to temperature rise are intensity^ and the duration of e^tposure. At fre- 
quencies below the microwave region ( f > 1000 me.) about 40 per cent of 
the incident energy is absorbed. These frequencies cause deep (internal) 
heating and are very dangerous since such heating is not well irdicated, by 
sensory elements of the skin. A tolerance flguxe. of 0»001 >®tt/cn^ fo^ long 
term exposures has been consiered adequate. 

Surface bums resulting 'from R.F. currents are similar to those en- 
countered with the lower frequencies. 

t . * — 

. .•***•. 

IV. The Microwave Frequencies 

The effects of the lower microwave frequencies are similar to those 
of radio frequencies «and a comparable tolerance figure for exp^osure should 
not be exceeded. ' 

As the' frequency increases (f > 3000 ®c.), the incident energy is ab- 
sorbed by the skin with an efficiency of 40 to 50 per cent. 

The effects of such radiation are much tht- same as is encountered 

with infrared and sunlight. 

* 

I The possibility of the formation of eye cataracts must be considered! 

at microwave frequencies. These cataracts result in impaixment of vision 
or even blindness as”a result of the formation of a white cloud in the nor- 

4 * 

♦ 

• mally transparent cornea of the eye. Cataracts' are thought to occur in a 
manner analogous to the formation of the "white" of an egg upon heating. 
Experiments with rabbits have indicated that cataracts have formed ip. 5 
to 9 f^oirtng . a sliigle. 15'^nute^ ea^osihre^^^ Watt source of 

6t 
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12 cn vaves at a dlstanc^f^f 5 While the esiiposure indicated here is pro- 
hahly extreme j care should be taken ■vrtien vn^rking vith high-povered radar sets. 

V'. 

V • In fra-Red, Visible Light, and Ultraviolet Frequencies / 

The immediate effects of 'this band of frequencies are popularly knovn 
as sunburn. The eye, hovever, is pekicularly susceptible to excess .exposure 
at these frequencies. Such exposure can easily occur ^en observing an elecr 
^ trie arc without protection. This may result in hemorrhages of the choroid 

• 'V 

(the outer lining of the retina) amd actuad destruction of portions of the 
iretina itself. In addition, actual immediate pain may be encountered because 
of violent ■ contractions induced in the iris. Photophthalmia (temporary snov- 
^llndness)is due to ultra violet radiiation following undue exposure to sun- 
light, an electric arc, or a simlaaop. 

» * 

VI . X-Rays and Nuclear Radiation 

The effects of^ this portion of the electromgnetic spectrum of the Vinmnn 
body are still being studied. It has been found that the amount of energy 
absorbed by the tissue during exposure is the most impoz*tant consideration. 
Damage to the reproductive organs has been found to be the most sensitive 
indication of excessive e 3 q>osure. 

Controlled experiments with mice exposed to fast neutron radiation from 
an atomic reactor indicate the type of damage sustained by living animals; 
During the first 9 months of continuous e^qoosure, no visible differences 
were noted. The mice then began to lose weight and gradually lose hair. 

Eye cataracts developed after a year and death followe.d. Limited esq^osure 
to nuclear radiation resulted in a shortened life span. 



We have yet to completely detexmlne the consequences of the atoznic 

* 

•bombs of World War II In terms of Its biological effects . For this ^ason^ 
plus the fact that the latent period between esqposure euid detection of da- 
mage may run into months and years ; it behooves us to take all precautions 
against X-Ray and nuclear radiation. 
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SUQ GgSTIOMS FOR S AFm IN LABORATOKDB S J 

A person’s reputation may be serlouaj-y injured If his lack of fore- 



sight Insults in accidents to himself or others* 

NEVER HURRY. Haste causes many accidents* 

CONNECT to the SOURCE of pover LAST, 

DISCONNECT the SOURCE of po*wer FIRST, ‘ ^ 

Alvays ASSUME that circuit SOURCES are ALIVE, jElemember that any laboratory 
circuit may be energized at any time . 

When WORKINO on ENERGIZED EQUBMNT have an ASSISTANT WITHIN SIGHT; 

When WORKING on ENERGIZED EqjjmSEm, use only OI^!E HAND as far as practicable. 
WORK DELIBERATELY and CAREFUIXY as you proceed. 

VERIFY you CONNECTIONS and be sure that they have been made secure. 

AVOID PLACING ANY PART OP YOUR BODY IN THE CIRCUIT, either to ground or 



across terminals. 



NEVER CIDSE A CIRCUIT J^IL INDIVIDUALS ABE CLEAR of mechanical equipment 



and circuit breakers 



KEEP the FACE avay FROM CIRCUIT BREAKERS* 

AVOID the possibility of EXPOSING your EYES TO EXECTRIC ABCS. 
NEVER CLOSE'A SWITCH SLOWLY OR HBSITATIMOLY * 

a 

CLOSE AND OPEN CIRCUITS WITH SUITABLE APPARATUS, 



CHECK the supply circuit VOLTAQE to see that it is vhat you esqpect BEFORE 

CLOSING CIRCUITS. ■ 

* ■ - 

AVOID running WIBBS OVER or UDDER A EBia: 

NEVER SIEP OVER A BBDT \Aille It is In mqtlOA. 



Contini|,A 



n 



SUGGESTIONS FOR SAFETY IN LABORATORIES (Continued) 

KEEP WATCH CHAINS., FINGER RINGS'., WRIST WATCHES, metallic pencils, etc.., OUT 
OP CONTACT WITH LtVE PARTS when working around electrical apparatus . 
KEEP NECKTIEB and loose clothing AWAY FROM ROTATING MACHINERY. 

DISCHARGE ALL CAPACITORS before working on associated circuits. 

USE EXTREME CARE IN BREAKING AN. INDUCTIVE CIRCUIT . 

DO NOT LIFT BRUSHES from a commutator or slip ring while machines are in. 

r- 

operation. 

DO NOT USE VOLTMETERS UNTIL the ends of the two LEADS are FASTENED FIRl^Y to 
suitable posts ON THE INSTRUMENT. 

"’DO NOT, UNDER ANY CIRCUMSTANCES, open the secondary of a current transformer 
while it is carrying current. 

DO NOT TAKE CHANCES . If in doubt ASK for Instrudtiohs . 
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APraNDIX II 

I3BCAQB BESISmCE^B^^^^ ACIOmACY Ri^OS 



MAIllJFi^TUBER 


HEATH 


SUPERIOR 


EXCO 


GENERAL 

RADIO. 


« 

GENERAL 
. RADIO 


Models ^ 


mi 


5A 


1171 


6oar 

602K 

i432k: 


&or 


Max. Current 
Tenths 
. Units 
Tens 

1 Hundred 

Thousands 
Ten thousands 




m 

500 xna. 
150 nia. ■ 
50 ma 
15 na 
5 ma 


% • 

mm 

‘500 aa .. 
150 ma. 
50 ma 
15 ma 
5 ma 


• 

•55p. ma* » ■ 
* .* • • 

120 ma 
35 ma • • 
12 ma 
2^5 ma 


• 

1.6 an^. 

.. 300. ma. . 
250 ma 

• 

80 ma ' 

23 ma 
Y n» 


1.6 amp. 
tAX) ma. 
1^ ma 



ii 

. The Heath and filCO decade resistance boxes en^loy. + l/2 per cent resis- 
tor and thus should he acctirate to l/2 per cent of the indication. The 
Superior decade resistance boxes have about one per cent accuracy. 

' Nev General Radio decade resistance boxes have accurles as follows: 
Tenth ohm steps i per cent 

f , I ^ ^ 

One + 0.15 " 

Ten ” ‘ + 0.05 " ” 



■. 75 - 



Hundred ohm steps 
Thousand “ " 

Ten thousand " ” 



+ 0.05 per cent 



'+ 0.05 ” 



tv 











I 



i 

] 

'i 



i 




* V 
\ 



I 







$ 





V 



APPENDIX III 

RBTMA STANDARD RESISTOR VAIiUES 



Tolerance 5 Per cent 10 Per cent 

Sizes 10 10 

( significant 

figures) ^11 - 




) 



k 




! 





12 

- 

15 

16 
18 
20 
22 

. 2k 
27 
30 

35 

36 
59 
^5 

51 

56 

62 

•68 



12 



15 
18 
22 
.27 
* 33 



39 

.kj 

56 

68 





iiiyiiiiiiiiiiliiyiM 



3 Per cent .10 Per cent 

7C ■ . 

r 

82 B2 

■ 91 - 

100 xoo 

« 

Resistors are supplied with these significeuit figures times various 

powers of ten. The usual ranges of avialable sizes in 5 per cent and 10 

/ 

per cent tolerances are as follows: 



Type .. 


Power 


Min... Res . 


Max. Res. 


Fixed Conposition 


1/2 Watt 


10 ohms 


22 meg. 




1 " 


10 " 


22 " 




2 ” 


10 " 


22 ” 


Wire Wound 


1/2 watt 


0.24 ohms 


'^890 ohms. 

> 


(5 per cent). 


1 


0.47" " 


^100 " 


> 


2 " 


1.0 ohms 


8200 ohms 



It is interesting to Cb serve that resistor values follow approximately 
a geometric series • Thus each size bares to the preceding size almost the 
same ratio. This is important for at least .two reasons: A designer can 

always^ choose a nominal 10 per cent resistor nominal size within about 10 
per cent of a desired value and csui thus get a resistor which is within 21 
per cent of the desired value. Moreover, a manufacturer can always find a 
nominal size to designate any resistor that he manufactures. 

It is : suggested that the reader prepare a geometric progression of sizes 
between 10 and 100 containing 15 terms (including both* 10 and 100) and compare 



o 
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sizes wltl# the nominal values # Suggest an esqplanatlon for any discrepancies* 

In the same vay, find a suitable series for the 5 per cent tolerance resistors. 
Suggest an esqplanation for any discrepancies. Decide idiether you Mould, luive 
used the same or different sequences of nominal resistance sizes if you had 

been asked by the BETTMA to decide upon a set of nominal sizes. 

6 

Problem ; Choose a sequence of nominal resistance sizes for ^ 1$ per 



cent tolerence resistors. 



MTENDIX IV 



.RESISTOR CPLOR CODE 



Coio.r 


Significant 
M- Figure 


Multiplier 


Silver 


0 


0.01 


Gold 


1 


0.1 


Black 


0 


1 


Brovn 


1 > 


10 • 


Red 


2 


2 

10 *: 


Orange 


5 


o 

H 


Yellow 


4 


O 

H 


Green 


5 


10 ^ 


Blue 

' 


* 6 


10 ^ 


Violet 


7 


10 ^ 






8 


Gray 


8 


10 ° 


White 


9 


10 ^ 



m 01$ 

mill 



First Big. fig. J 

Second sig. fig. 
Multiplier — “ 
Tolerance — — 



it > n 



Tolerances 
Gold 
Silver 
No color 



+ 5 per cent 
m 10 per cent 
+ 20 per cent 
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APPENDIX V 



ON THE MA!FHEMATICS OF VIBE SIZES 

Suppose you vere on a desert Island vlth noi. handbooks. You are 
asked to find the ditoeter of ( say) Vor-20 vire . Covdd you do It? 

Well, of course. In the usual desert! Island story you vould not be vorrled 
about handbooks and vire tables > but it is interesting that vlth the aid of 
a log log sliderulei one can coiqpute any vire slze^- given tiK> key size's and 
the matheioatlcal lav. 

Aaerican Wire Gauge (Brovn and Shai^) vire sizes are arranged in a 
geometric progression. Thus 

Size Diameter (inches) Term In Series 



56 


. D^g = 0.005 inches 


0 


35 


®35 “ »36 ” 0-005 r 


1 




- r:B35 = » O.OOJr^ 


2 


1 • 


Ih - s Dg - = 0.005r^^ 


35 


0 


®0 “ ■ 0-005r^® 


36 


00 


’ O-OOSr’’^ 


57 


000 


®3/0 * ®8/0 “ ®36 “ 


.38 


0000 


Vo ■ Vo ' V “ * 0 - 1 *^ 


39 


From this 


0.005 » 0.460 











that 



Now you can solve the desert-island problem. From the series, we see 





0.005 =; 0.052 inches 



of 

You might eaqpect there is some reason behind the use /a geometric progres- 

i 

Sion for wire sizes. In fact there is. Pine wire is made by drawing coarse 
wire through dies of progressively smaller size . (The wire is annealed between 
drawings). It is possible to reduce wire by about the same ratio in diameter 
at each drawing. Thus we could imagine each drawing increasing the size mraiier 

by one digit. 



It is left to the reader to work out further useful properties of wire 



sizes. Some properties, are the following. 

1 ,. Number 10 wire is about l/lO inch diameter. 

2 . Decreasing wire size by 3 numbers doubles the cross section area, 
hence halves the resistance per unit length. 

5. Decreasing the wire size by six numbers doubles diameter. 



APPENDIX VI 



. COMPUTATION WITH UMITING ERRORS 

^ * * « 

GuaremteeSt Tolerances and Limiting Errors 

In electrical engineering, a commonly occuring problem is the calcula- 
tion of some quantity from the results of measurements of knovn accuracy, or 
using comporents of knovn tolerance • For example, vhen tvo iesistors with 
different tolerances are connected in series, what is the tolerance of the 
combination? Or, if voltage, current and power are measured with instruments 
of Icnown accuracy, then what is the accuracy of the calculated power factor? 

i 

Error calculations such as these are known-^as Limiting Error calculations • 

In many scientific measurements there is a certain amount of "randomness” 
^ or chance associated with the measurements. That is, the same quantity meas- 
ured many times givea many different numerlccQ. results, but the results are, 
perhaps, clustered about a ”me6ui” velue. Statistical techniques have been 
highly developed to handle measurement sit\iations of this sort,, and to pre- 
dict the "probable errors” in the results. 

In the majority of electrical measurements, however, the randomness of 
the measurement due to the instrument is s m ell compared with the tolerances 
on the instrument . In these cases "possible error” or limiting error is 
usually calculated. Essentially, "limiting error" means, the largest error 
'.that can arise in view of the guarantees and tolerances on the instruments 

A ^ 

and coi^onents used. 

These notes give examples showing how limiting errors in measurements, 
or tolerances on component values , affect the result of computations . 

Exan^les of addition, subtraction, multiplication-division, and more general 



computations are chosen from the field of electrical measurements . Finally, 
a general approach in terms of differentials is presented. 

In ruronation. Errors Add 

Consider three resistors having knovn tolerances connected In series; 
the problem is to find the limiting error of the combination. The resistors 

» f ^ 

are 1000 ohms + 10 per cent, 3300 ohms + 5 per cent and 500 ohms + 1 per cent. 



TABLE I 



Nominal 

Value 


Tolerance 


Limiting Values 


Low 


High 


(Ohms) 


(per cent) 


(ohms) 


(Ohms) 


(Ohms) 


1000 


10 


100 


VO 

8 


1100 


5300 


5 


165 


3135 


3465 


500 


1 


5 ■ 


^^95 


505 


4800 




270 


4530 


.5070 



From TABUS I it Is easy to see that the series combination ha", resistance 
betveen 4550 ohms and 507O ohms, and that ‘this is 4800 ohms + 27O ohms, vhich 
in turn is 4800 ohms +5*83 per cent, or (say) 4800 ohms + 6 i>er cent. 

The general conclusion to be dravn from this exan^le is that vhen numbers 
having independent tolerances, or guaranteed errors, are added, then the limit- 
ing error of the sum is the sum of the limiting errors. 

In addition, it is observed that the limiting per cent error of the sum 
is somevhere betveen the largest and smallest per cent errors of the tenns 
in the summation. 



Small Differences May Have Large Per Cent Errors 



In the circuit of Pig. I 'the tvo voltmeters have 0 to 10- volt ranges 
and have guaranteed accuracies of + 0.5 per cent (of full scede). The 
problem is to find the voltage Vy the limiting error in V^, and the limit- 
ing per cent error in V^. 




Pig. 1 

TABLE! II shovs that the limiting error magnitude in the calculated value 

of Vj is the sum of the limiting errors of and Vg , i.e.j, = 0.24 volts 

+ 0.10 volts. The limiting per cent error in is hoveyer quite large, i.e., 

V, « 0.24 volts + 42 per cent. 

5 “ 



TABLE II 



Quantity 






Nominal 

Value 

(volts 

■' 6.12 

‘ 5«88 

0.24 



Limiting 

Error 

(volts) 

0.05 

0.05 

0.10 



Limiting Values 



Lov 

(volts) 

6.07 

5.85 

0.34 



High 

(volts) 

6.17 

5.95 

0.l4 



The reader may suggest that, obviously, one should not attempt to deter- 
mine \\ in the manner suggested by Pig. 1; and that, at least, one should use 

J * 

the same voltmeter to measure and V_. However, sometimes experimental con 

1 e. j 

straints force just this sort of situation. If calculations using the small 
difference of measurements must be made, then these calculated values should 
be treated with caution. 



• In Multiplication and Division Per Cent Errors Add 

Consider, for exaii 5 )le, the bridge circuit shown in Fig. 2 where, at 
balance, the usual equation holds: 






Suppose R^, and R^ have known tolerances, then what is the limiting error 



InR^t 




Fig. 2 



One obvious approach is to calculate the nominal veQ.ue, and the lower 
and upper limits on R . Observe, of course, that the upper limiting vsdue 
of R results when R and R each have their upper limiting vetlues, and R. 

X St S D 

has its lower limiting value, and conversely for the lower limit. The 



8if 
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calculations summarized In TABIE III; show that R » 336 *2 'ohms + 2.2 ohms 

iX 

or R ’ 556.2 ohms +0.4 per cent 



TABIg III 





Nominal 

Vsdue 






J 

Limiting Values | 


Quantity 

> 


Tolerance 


Low 


High ■ * 




(Ohms) 


(^er cent 


(Ohms) 


(Ohms) • 


(ohms) 


R 

a 


100. 


0,1 


. 0.1 


99.9 


100.1 




1000 


0.1 


1 


999 


1001 


■ S 

\ ■ 


5362 


6.2 


10.7 


5551 


5373 


\ 


556.2 




• 


534*0 


538.4 



The calculation of limiting errors hy the method used In TABIg III 
Is often tedious . Moreover, vhen the per cent errors in the factors are 
smEdl, an approximate method, is entirely adequate and usually used. It is 
observed that in the example, the per cent error in the result is merely 
the sum of the percent errors in the factors • Justification for this 
f oUovB . 

Let R^, R^j^ and be the nominal values of R^, R^ and R^ respectively. 
Also let the fractional limiting errors in R^, R^^ and R^ be 6^, 6^ and 6^. 

The per cent limiting error in R is 100 6 , etc. Thus, in the bridge exaii5>le. 

S 61 

K ® + K ) “ 100 + 0.001) ohms (1) 

Bji » R (1 + 6^) » 1000 (1 + 0.001) ohms (2) 

R. ^ R... (1 + 6.) » 5362 (1 + 0.002) Ohms (J) 






1 1^ BU lU I U I J JPKl ' , P I 



Now, let 6 be the as -yet -unknown fractional error in R^j and let R, 



xn 



be the nominal value of Thus 



and 



B^ - pSS R„ 
xn sn 


(*^) 


«x ‘ «xn i »x> 


(5) 



Having defined all the necessary terms, it remains to find 6 in terns 



of 6 , 8. and 6.. First, note that 
a 0 s 



B » 5^ H 
X B,, 8 



( 6 ) 



Substitution of Eaufttions (.1), (2), (5) (5) into Eaustione (6) and division 

by Equation [k) yields 



■ s~) 



li8^ = 



'(1 i ®a> 

(1 1 6^) - 'B' 



(1 ± \) 



( 7 ) 



Observe that, provided 6^ « 1, then 



1 + 






f 1 + 6, 



consequently 



1 + 8, 4 (1 + 8 )(1 1 ,6ij,)(l + 6g) (8) 



Recalling that the errors in R^^, ^ and R^ are not dependent upon each other, 



a6 
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and that the limiting error in R results from the ■worst combination, it is 

•C 

reasoned that the signs go together, thus 

1 . 6^ i (1 . 6^)(l i. 6j,)(l - 6g) 

Since 6, 6, and 6 are each « 1, Equation (9) reduces to (neglecting 

^ Gl D X 

all 6 products ) «. . 

‘ 1 + 6 = 1 + ( 6 . + 6 , + 6 ) 

X • 'a b 8 

5 4 6 + 6 , + 6 ( 10 ) 

Of course, this conclusion is easily extended to products and quotients 
having more factors; For products and quotients, the per cent limiting 
error of the result is the sum of the per cent limiting errors of all the 
factors . 

. Consider once again the bridge problem and apply the results Just 
derived . 

R * 100 ohms +0.1 per cent. 

R^' = 1000 ohms + 0.1 per cent 
R = 5562 ohms + 0.2 per cent 

S 

= (VM «8 

s? 5?6.2 ohms + 0^4 per cent 
= 936*2 ohms +2.1 ohms « 

8T 






) 



As a second example of product-quovi.;,..%.. > 

consider the determination of phase y.ngi.. Ixoiu -iLfaiieter 

Mter readings using the relation 






X 



n -1/ \ 

e = cos 



COS 0 ~ 



JP 

VI 



The calculations of the limiting error in cos Q are shovn ir TABLE) IV. 
Prom the - guaranteed accuracy of each instru^nt and its full-scale units the 
limiting error in each reading is obtained^ and then the per cent limiting 
error in each reading is calculated. Thus 



Finally 



cos 0 =» 0.912 + 2.42 per cent 
cos"^ 0.912 = 24.2 deg. 

cos (0.’912 + 2.42 per cent) = cos* (0.954) - 20.9 deg* 
cos"^ (0.912 - 2.42 per cent) = cos’^(0.890) = 27. 1 deg. 

+2.9 deg. 

0 = 24.2 deg 

- 3*5 deg. 



TABLE IV 



Qxiantity 


Nominal' . 
Readings 


Limiting Error Calculation 


Instrument 1 

Pull scale guarantee 


Reading 
Limiting Error 


1 


. 

(per cent] 




1 


P 


467 watts 


750 watts 


0.75 


5.6 watts 


1.20 


V 


114.2 volts 


150 volts 


0.5 


0.75 volts 


0.66 . 


I 


4.48 amps 


9 amps 


0.5 


0.025 amps 


0.56 


cos 0 


0.912 




• 




2.42 


. 


- , . , - - , M , , , , 



68 



; er|c 

L_ 



I ) 



Wo^hwhlle savings in computation are obtained if it is recognized 
that if an Indicating instrument deflection is the fraction a of full 
scale > then the limiting error in a reading is the guaranteed error 
divided by For example ^ a reading of 4.67 vatts on a Y^O-vat-jb scale 
of a 0.75 per cent accuracy watt meter has a limiting per cent error 



(0.75) = 1.20 per cent 



Limiting Errors and Differentials 

One might ask at this point if there exists any. unifying principle, or 
general method, for vhlch all the examples presented up to now have been 
special cases . In fact, the total differential of calculus provides just 
such a general approach. Moreover, the total differential approach pro- 
vides a po\^rful tool for calculating the limiting error -when more complicated 
expressions are encoimteredi 

Consider a quantity R which is given as a function of several variables 

♦ ‘ * 

* * 

The independent variables x^ are numerical measurements with known limit- 
ing errors, or peurameter values with known tolerances. The total differen- 
tlsd of R is 

12 n 

Provided that the partial derivatives are continuous and do not change too 
rapidly, the following approximation can be written 






• If. 






t • • 



( 12 ) 



By interpreting 6x^, dXg, ... 6x.^ as £:-Yv.-r t ils 

presaion gives the limiting error in M, r^..- 






R = + Rg + Rj 



'direct application of (ll) gives 

6R = 6R- + 6R^.+ 6R_ 

1 d ^ 

•which agrees with the earlier discussion about .the limiting error for resistors 
in series j i.e. the limiting error of the sum is the sum of the limiting errors. 
If Equation (12) is divided by Equation (ll) then 



6R 1 hf 
F"f 






1 Sf 



6Xg + 



OX 



6x 



n 



n 



( 15 ) 



which can be interpreted as an expression relating fractional errors or per 
cent errors. As an exangjlc consider the bridge equation 






Direct application of (13) gives 







R R 
a s 



«b 



6R 



«b 



Remembering that the worst combination 







+ 



6R 
s 

R 



s 

occurs when the denominator is low 
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(high) and the tw numerator factors are high (low), and also using the no#-:* 
nenclature developed before gives 



) 




— b + 6, + 6 
• a D 8 



which is entirely in agreement with the product- quotient rule developed 
earlier, i.e. the. per. cent limiting error of the product-qjxotient is' the 
sum of the per cent limiting errors of edl the factors • _ 

As a final exan 5 >le consider the problem of measuring the resistance 
of a voltmeter by a half-deflection method using the circuit shown in Fig*3* 

The resistance R is assumed to be calibrated and adjustable in order to be 

' > 

able to set the voltmeter to full,? scale and half- .scale deflection. The 
meter has an accuracy of + e of full scale. 




Fig- 5 



When the meter reads full scale the current’ is and R « Rj^. When 
the meter re^s half scsle the current is Ig and R * Rg. Analysis shows 
that 



m 



1 - a 



{Ik) 



1 

where a « Ideally tt » j and 



o 







R_ = 



2 ^2 



- Ri 



m 



1 

2 



= Rg - 2R^ 



(15) 



Since the meter has limiting error + e therefore a. may be different from 1/2. 
In fact, assuming the meter current is high at half scale, and low at full 
scale 



a 6a 






1 - e 



I (1 + 2e)(l + e) 



5 (1 + 3e) 



But 



tt -f 6a = - + 8a 



6a » I e 



(16) 



If it is assumed that R has negligible error, then 



.-I 



6R 



Rg - R 



(1 - a) 



^2 8a = HBg . Rj^) 6a 



alio 



■ %) 



m 



Rg*®! 



6a 



For example. If » 2000 ohms R^ = 5000 ohms and e » 0.005> then 



9a 



f 

L 



o 
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^(^poo .:.goool (i)(0.005) 

5000 . 4 oo 6 ^>2'^ 



0.09 



The limiting error in the measurement of by this method, and with these 
parameter values is + 9 P®3r cent. 



■APPENDIX VII 



PROPERTIES OF A-C VOLTMETERS 



) 



A-C Voltmeter Application Problems 

There are at least five problems* that arise vhen an a~c volt-meter is 
chosen for a particular measurement task. First, the input in^edance of 
the . instrument .must be considered, for if it is not large enough to be 
neglected, then the quantity being measured and even the whole operation' of 
the circuit may be disturbed by the voltmeter. Second, if the waveform of 
the measured voltage is not sinusoidal, then the voltmeter indication must 
be correctly interpreted. Third, the voltmeter should be capable of respond 
ing satisfactorily at the frequency of the input voltage. Fourth, the volt- 
meter must have suitable ranges for the expected value of unknown voltage. 
Fifth, the voltmeter must have an accuracy satisfactory for the requirements 
Primarily, these notes are concerned with the second-mentioned problem, 
that of the waveform- response properties of a-c voltmeters. Almost all com- 

T 

mercially available a-c Aroltmeters are designed to indicate the rms va,lue 
of a sine wave. That is, almost a.ll a-c voltmeters will read the same when 
they are connected in parallel to the same sine-'!*?ave vo.ltage source, and 
the indicated value is the ,rms value of the sine wave. However, when the 
different kinds of voltmeters are connected to sources having nonsinusoidal 
vo.ltage waveforms, then in general, the scale indications are not the true, 
‘rms values of the voltages. These notes are Intended to show how these 
differences arise, and what property of an arbitrary waveform is measured 
by the principal types of voltmeters . 
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Now, one should observe some caution in applying the mathematical nice- 
ties developed here # In general, vacuum-tube a-c voltmeters have accuracies 
of from + 2 to + 5 cent. Thus inaccuracies often are more significant 
than the differences of waveform response. Also, one generally chooses an 
^-c voltmeter on .-the basis of input impedance, frequency response, range, 
and accuracy; the waveform- response property is in general an incidental 
characteristic, tolerated rather than employed as a basis for choice. Modern 
electrical engineering laboratory practice seems to be tending toward the use 
of good-quality calibrated oscilloscopes for the measurement of most nonsinu- 
soidal waves . 

There are, however, several cases where the peculiar waveform- response, 
properties of different kinds of a-c voltmeters can be used to advantage . 
Project 12 gives one such example . 

In the following sections, a-c voltmeters are grouped into three main 
categories according to their wave form- response characteristics . Comments 
on input inqjedances and, frequency response are included. Finally, several 
properties of various commercial meters are tabulated for comparison. 



I. "TRUE" RMS - TYPE INSTRUMENTS 



I-l. Dynamometer Instruments 

Probably the best all-round a-c instrument for low-frequency work is t 

the dynamometer, shovn schematically in Fig. 1. One way of explaining its 

behavior is to consider that the field coils produce a magnetic flux density 

proportional to the current i, and the moving coil, carrying the same current 

i, has a torque exerted upon it proportional to the coil current and the field 

2 

flux density. Thus the instantaneous torque depends upon i , and consequently 

I 

2 

the average torque and meter indication depend upon the average of i , which 
is easily shown to be related to the rms value of i(t), regardless of its 
waveform. A voltmeter is easily made by employing a series resistance multi- 
plier - just as in a d-c instrument. 




As a result of this operation, it is easy to show that all the voltage 
waveforms of Pig. 2 ideally give the same indication A. Since' Pig. 2 (a) 
shows a direct voltage, the dynamometEEr is a suitable transfer instrument ; 
that is, it C 6 U 1 be ceilibrated on d-c and used on a-c. 




V 



- 


T 

A 

fr 

V 


f 


• 




1 y 




- 


J" 




^ 


T ► 


jaTj 


h : 



I Fig. 2 True rms reading meters will give the same indication of A volts for 

] each of the drive- voltage waveforms shown. 
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') 



1-2. Iron-Vane Instruments 

A voltmeter construction which is mechanically somewhat sisipler than that 




The operation of this device is usually explained as follows; Current in 
the coil produces a magnetic field which in turn magnetizes the iron vanes . 

Since the vanes have like poles adjacent, they repel each oth^r. The aver- 

* - * ^ 

age repulsive force is argued to he related to the average of the instanta- 
neous coil current squared; hence, the response is essentially the same as 
that of the dynamometer. The iron- vane meter is basically a true rms meter, 
so the responses to the waveforms shown in Fig. 2 are 'ideally the -same. 

1-5 . Thermocouple* Instruments 

For some kinds ‘Of measurements a thermocouple voltmeter is appropriate. 
The arrangement of a thermocouple voltmeter is shown in Fig. 4. If the heater 
resistance were constant, then the power dissipated in the heater would be 
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proportional to the rms value of the current i. Consequently, the teri 5 )erature 
rise and the d-c meter deflection would also depend on the rms meter current 
or voltage. Hence the thermocouple voltmeter also gives a true rms reading 




Pig. 4 Thermocouple voltmeter 



'J) 



1-4. Electrostatic Voltmeter 
? ^ 

Basically, the electrostatic voltmeter consists of a parallel-plate 
structure similar to that of a radio- type variable capacitor, except that 
the rotor is mounted on Jewel bearings and is fitted with a pointer. The 
force of attraction between the rotor plates and stator plates varies as 
the voltage squaredj^ consequently the indication can be made proportional 
to the rms voltage. 

1-5. Frequency Response and Loading 

Iron- vane and dynamaneter voltmeters' are widely used at power frequencies 
because relatively accurate and rugged instruments can be built using these 
principles. Neither is very suitable for very low frequencies (O-IO cps) j 
because the pointer oscillates at double frequency unless additional mecha-' 
nical damping is provided. At higher-than- rated frequencies (125-1000 cycles) 
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these meters cannot he relied upon because (a) the large reactance of the 
coils reduces meter-movement . current (hf) eddy currents in the iron parts 
reduce the effective flux. Even -when the fundamental frequency -is within 
the range of the meter, the higher harmonics may not he measured correctly . 

These meters characte^ristically have low sensitivity (low impedance) and 

' • / 

the lowest ranges are the order of ten volts . Accuracies of one half per 

cent (or even one tenth per cent .with the d^iMnonbteaj) can be achieved. 

The thermocouple meter is often eimployed at radio frequencies. The 

typical accursiclee of one per cent are usually better than those of other 

high-frequency meters. There are however three main disadvantages: (l) 

Thermocouple meters are e^qoensiye.- (2) They impose a relatively heavy 

load on a circuit (i.e. they have low input impeddnce) . ( 5 ) They are 

delicate. Much to the chagrin of many users, a thermocouple meter can be 

burned out ■vdthout even getting the indication up to full scale . 

Electrostatic meters have close to ideal properties: No power is taken 

from the- circuit, and the input impedance - perhaps a few hundred picofarad 

is very high. Unfortimately, a low- range meter (lower than a few hundred 

volts) is prohibitively delicate mechanicdly. Consequently, electrostatic 

voltmeters are relatively rarely employed except for high-voltage work. 

* * * 

II. RECTIFIER AND AVERAGING TYPE METERS 

» 

II-l. Amplifier-Rectifier A-C Vacuum-Tube Voltmeter 

Several instrument manufacturers produce voltmeters w .i.ch are designed 

to operate as follows: 

1. Take the alternative component of -the input waveform. 

2. Attenuate this voltage, depending on the range- switch position 
to a usable range, (say) less than 1 millivolt. 



^ 3* Anplify - bo.th voltage and pover. 
h . Rectify and average . 

^ <r* 

5 . Give a meter indication proportional to this average value. 

Response (meter deflection) is thus proportional to the average of the 
full-vave rectified a-c component at the input. In order to indicate the ms 
value' of a sine wave , the scale reading is jt/l^ \/^ ) times this full- wave rect- 
ified and averaged value. A functional block diagram for such a meter is .. 
shovn in Fig. 3, and typical wavefom responses in Pig. 6. 




Pig. 5 Functional block diagram of amplifier- rectifier- type 
a-c voltmeter 
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Meter reads (n/2.f^ a(X-a)A 



(4) 



Fig. 6 Typical vaveform responses for aopllfiar-reetlfler- 
type neter 
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There appear to be several reasons for the series-blocking eai>aeitoru‘ 

One reason is that in many practical measuring tasks only the idtemating 
component is of interest. Another reason is that a-c amplifiers are easier 
to design and cheaper to build than d-c amplifiers • 

II-2. Rectifier-Type A-C Voltmeters 

A great many a-c voltmeters for use at power and audio freq^enoie8 do 

not use vacuum-tube amplifiers. In general there are two sub- types depending 

bn whether they employ a full-wave or half-wave rectifiers. A functional 

block diagram and typical wave forms for a hsdf-wave rectifier meter are shown 

in Pig. 7 and for a full-wave-rectifier type in Pig. 8. 

In operation, as shown in Pig. 7> the half-wave rectifier type responds 

in proportion to the average of the positive (or negative) voltage. Thus^ 

if the rectifiers are ideal, for a sine-wave input the ayerage meter voltage 

• * 

is \/2^ /jt times the xms value of the sinewave; conseqjuently, if an .ordjnio^ 

d'Arsonval volt meter were to be recalibrated for this application the scale 

* / 

designations would have to be Increased by -2.22. By the seas reason- 

ing, the full-wave rectifier type meter responds according the average of the- 
rectified input and an ordinary d’Arsonval voltmeter would have to have its 
scale designation increased by 3 t/( 2 yij* 1.11. 

Sometimes a series capacitor is employed to block the d-e component of 
the input wave* This connection or switch position is usually labeled OUT- 
PUT. When this arrangement is employed, the response reverts to that dia**- 
cussed in Section II-l and shown in Fig. 6. 
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(a). 

* ^ 

V 



A / 

t -L — ^ 

Meter reads 2.22k Meter reads zero 




(f) 





Meter reads 2.22 x 
rectified average = 
2.22 k/n • k/ ^ • xm 
value. 



Pig. 7 Half.-vave rectifier meter: . (a) block diagram;' 

(^)> (c)> fijnd (d)U ' VBveform response exan^ples 
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Attenuator Rectifier Iteter 

. . M 




M 




(c) 




(e) 



t 







(a.) 



Fig. 8 Pull--wave rectifier meter: (a) "block diagram; 

. (^)> (aL) and (e) -waveform response examples 






II.j Frequency Ranges and Loading 

The typical amplifier-rectifier meters respond to a sine wre vithin 
their accuracy guaranties of to five per cent over a wide frequency range 
from say 5 ops to perhaps one to four me depending on the meter. 

If hannonies are present which are above the frequency limit, then 
measurements become unreliable . If the vavefom being measured is very 
"peaked", response may be inaccurate because the peaks will overdrive the 
amplifiers, even though the indication is much less than full scale. 
Measurements of "noise",- especially, become doubtful. 

one important advantage of the amplifier-rectifier s*ter over aU the 
other types desoussed here is the practicability of low-voltage ranges, 
some amplifier-rectifier meters have full-scale deflection as Idw as 0.0001 
volts while the other types of meters usually have a smallest full-scale 

voltage of the order of 1/2 to 2-1/2 volts. 

The ang)llfier-rectifler type meters usually tove a constant input 
is^edance of the order of 1 megohm, while the rectifier types usually have 

a constant sensitivity on all ranges of the order of 500 to 50OO ohms per 

* 

volt. 

The rectlflef-type meters have some unusual waveform response proper- 
ties at frequencies where the meter-movement inductance becomes important. 

% 

These questions are not considered here, 

III, PEAK BEADING AND PBAK-TO-PBAK BEADING 

' instruments 

1 

III„1, Claimper-AigDlifier V oltmeter 

In the vacuum-tube voltmeters Intended for use at the highest possible 
frequencies, a detector-amplifier or clsmper-smpllfler circuit is usually , 



^nqployed. This circuit is designed to perform the • following operations on 
a waveform: 

1. Take the alternating component, i.e. block the d-c conqponent, 

2. Measure the positive (or negative) peaks of the a-c component, 
and give ah indication proportional to this quantity. 

Thus to indicate the rms VEdue of a sine-wave the meter should be cal- 

^ / 

ibrated to read l/|f^«»0.707 of the peak value. Pig. 9 shows a functional' 
block diagram €uid typical waveform responses. 

In using such VTVM's precautions about waveform are important. Small 
••parasitic" oscillation or "spikes” may not be noticed even with an oscillosc^ 
but they may put high peaks on. a waveform, that are unsuspected. Thus the 



indication will be too high. -- 

On the other hand, these VTVM's are not satisfactory for measuring 
pulse voltages if the pulse width is a small fraction, say 0.1 or less of a 
period. This shortcoming is due primarily to the necessity of en 5 >loying non- 
ideal diodes.' 

Clamper- amplifier- type meters may be good lip to several hundred mega^; • 
cycles. Ranges usually extend from about 0.5 volts minimum full scale to- 
several hundred volts maximum full scale . The input impedance is usually 



high enough so that the nonlinearity of the input circuit does^not distort 

% 

the wave being measured, but this possibility cannot be neglected. The im- 
pedance is usually a capacitance of a few picofarads shunted by an "effect- 
ive" resistance of a few megohms . 
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Clamper 



filter d«c aibllfier Attenuator Meter 



(a) 




Average of Is A. 



Average of v is oA 
a 



Meter reads A/^? 
m rms value 






Meter reads oA/ \/ 2 which 
is 0»707 of negative 
peaks below the average 

(c) 






Fig* 9 Clamper-ao^lifier vacuum-tube voltmeter and 
typlccd^ responses 
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III-2. ?es,::-to-Pec.k Voltmeters 

Many of the same remarks apply to peak-to-peak voltmeters as have .“been 
mentioned above either in connection with the ai^lifier-rectifier meter or 
the clamper-as^lifier meter* The reader Is left to work out for himself the 
vaveform- response and other ln^>llcatlons • 

Conclusions 

The actual circuits details of various a-c vacuum-tube voltmetei 5 ican 
usually be obtained from the manufacturer's Instructions and are .often fairly 
complicated. . ' 

In choosing a voltmeter to measure nonsinusoidal vaves^ a rectifier- type 
meter often give a fairly good approximation to the rms value, and is edmost 
alvays used without correction. In communication and control type circuits, 
nas values have little special virtue; Other measures of , a voltage such as 
peaks and average are often more significant; nevertheless, by convenient con- 
vention nearly all meters read the rms value of a sine wave. In power work, 
however*, rms values of nonsinusoidal waves often are the significant measures, 
because they provide measures of power transferred and ppwer lost. 

Qbble I tabulates for comparison some of the significant properties of 
a number of commercial instruments* 
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TABLE I 



Properties of A-C Voltmeters 



Manufacturer 


G. R. 

* 


G. R. 1 


1 G* R ". i 

’ ■ ■ 1 


Model Niimber 


^ 26 A 


1800 • i 


1 1803-3 ■- 


Circuit type 


Clanger 


. 1 

Claii^r 


[. . 

01aii$)er 


■ 


Anqolif iei* 


Anqplifier 


An^lifier 


Sensitivity fl/V . 




. 1 

1 

' "1 


[ 

1 

1 «•«.«. ’ t 

! ■ ' - ; 


Input Inpedance 




IDK..-..25 Meg. 
3.1 pf. 


1 

10-12 pf 

7-7 Meg. 


Frequency Range 


o , 


d-c^upto 
100-200 Me. 


r 100 Me. 


Voltage Ranges: 


- 


i 

1 

*' 3 


1 ^ ' 
1 


Min. f .s. volts 


1.5 


0.5 


1.5 


Max. f . 8. volts 


150 . 


150 


150 


Accuracy 


««• M 


. 1 + 

L 


± 5> 


- Angplif ier Output : 


■ None 


None 


None 


Max. Volts 






• 


Internal Inga. 

' ' j 


» /* 






Remarks: 


Has 


t 

i Has 

1 


Has 




terminals 


1 

! 

i terminals 


termineds 




or probe 


i 

j or probe 

! * 


or probe 




input 


input. Also 


input. Also 






: d-c 


d-c 



c 






■ 

Manufacturer 
Model Number 

Circuit type 
Sensitivity 


' H. P. 

[ ; 

4ooa i 

1 

Amplifier 

Rectifier 


H,. P. . 
, ^OOC 

Angjlifier 

Rectifier 

9m mm 


H. P. ■ 
^OOD 

Amplifier 
Rectifier . 

mm mm 9m 


H. P. ’ 

4iob 

i* !•■*: , 

ClaB5)er 

An 5 >lifier- 


Input In^jedance 


15 Pf 


15-24' pf 


i 4-24 pf 


1.5 pf 




1.0 to- 
2.4 Meg. 


10 Meg. 


10 Meg. 


10 Meg. or 
lower 


Frequency Range 


10 cps to 
1 Me. 


20 cps to 
2 Me. 


10 cps . to 
4 Me. 


20 cps to 
700 Me 4 


Voltage Ranges:,^ 










Min.f:.'s .Volts 


0.03 


.001 


.001 


1 


Max. f.s. Volts 


300 


300 


300 


300 


Accuracy 


+ 3^ 


+ 3^ 




3^ 5 


- 


10 cps -100 KC 
+ 5^ to 1 Me . 


20 cps-100 KC 
+ 5^ to 2 Me. 


20cp)s to IMc 
% 

20cps to 2Mc 
lOcps to 4 Mc. 


•« 

-i 

! 


Amplifier Output 
Max. Voltage 


None 


0.5 Volts 


0.15 Volts 


None 


Internal : 
Impedance 

i 


1 


1000 Ohms 

% 


50 Ohms 

0 





ERIC 



1X2 



' ■ ■ ' -T 

i 

Manufacturer - 


Ballantine 


RCA 


RCA 


* 

■ • 1 

Slsqpson 


Model Nvunber 


31^ 


W-97A 


WV-98A*' 


260 


Circuit type 


Anplifier 

* 


peak to 


peak to 


fullvave 




Rectifier 


peak 


peak 


rectifier 


Sensitivity 


- - - 


- - - 




fl/V0l<r 


Input In5)edanc6 


7-5 pf 


60-70 pf 


60-70 pf 






11-0.8 Meg. 


0.85 to 1.5 


0.83 to 1.5' 


— - 


. 




'Meg. 


Meg. 


• 


■ ■■ "1 

< 

Frequency Range ' 


15 cps to 


50 eps to 


30 cps to 


■20 cps to • 




6 Me. 


80-3000 Kc . 


80-3000 Kc 


30 Kc. 


Voltage Ranges: 


' 








Min. f.s. Volts 


.01 


1.5 


1.5 


2.5 


Max. f. s. volts 


1000 


1500 


1500 


1000 


Accuracy 


•5^ 


% ' 




3^ 


, V 


15 cps-3Mf' 










% 

•to 6 Me. 








Amplifier Output 


V " 


None 

r 


None 


None 


Max. Volts 


1.0. volts 


----- 


- - - 


■- — 


Internal Impe- 
dance 


500 Ohms 

f 


«■ «M 


- - - 


« 


Remarks 




d-c; 


d-c; 


d-c j 






ohmS' 


ohms 


ohms 




- 


• also 


also 


klso 
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